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I b i s  report  darcr ibas  HBS work f o r  USA i n  eupport of NASAt@ Haterialo 
Prourriw ie  Space Program under W Gbverament Order 8-27954B (Proper t ies  
of Electronic  h t e r i a l o )  covertag the period April  1, 1982 t o  Xarch 31, 1983. 
lhir work i r  directed tmrd w u m n t  of p r ~ e r i a l s  propart iee i ~ o r t m t  
t o  tb derign and i n t e rp ru t a t i aa  of space procseaing a x p r i n t n t s  and 
d s t o r d p r t i a ~  of bor tb rpaca envl rv~tsea t  m y  o f f e r  a d q u e  opportunity 
f o r  p e r f o w  Lsprovd m m a r e r s a t r  a d  producing mster iale  v i t h  *roved 
'fBe m r k  i 8  being carried out i n  t ' m  indepaudent t m h :  
k 1 Surface Tbxuioea ar?5 'Lbsir Var ia t iom v i t h  Temperature and 
I .gur l t le r  
Tark 2. Convection During Unidirect ional  So l fd l f i ca t ion  
h e b  3. h m u r e a s n t  of the  Bigh T w r a t u r e  ~ n s o p h y e i c a l  Propert ies  
of Tungaten Group Liquids  and Solids  
Iha rerultr o b t a i d  f o r  each task are given ln detailed ermrmarfea i n  t he  
b d y  of th.0 report. E m p h i i s  i n  T a a b  1 4 2 113 rn bm the re&ced 
gravity o b t a l d  i n  rprce f l i g h t  can a f f e c t  convection and golddff icat lon 
procarsea. h p h a o i r  cat Tlek 3 i e  taoard deveLopmt  of technlqws POP 
t b r r r o d p a r d c  s a u o r s r e n t s  on r sac t ive  materials, requir ing l e v i t a t i o n  
Yitb ths advent of tha Space Shut t le ,  i t  may beconre f s a e i b l e  t o  
explo i t  th. d q t m  microgravity anvirommnt of space f l i g h t  t o  produce 
improved u t e r i a l e  and *roved mosuremnte  of w o r t a n t  ma tex~ ids  
propert ies .  In mater ials  preceesing on e a r t h ,  g rav i ty  frequent ly produces 
j e n s i t y - d r  iven convect ion ,  thereby causing l i q u i d s  t o  be s t  l r r e d  a s  they 
t lo l id i fy .  This s t i r r i n g  d i s t u r b s  t h e  quiescent  boundary l a y e r  a t  t h e  
s o l i d i f y f n g  i n t e r f a c e ,  and can be very undesi rable  i t  nea r ly  p e r f e c t  
c r y s t a l s  a r e  r equ i red .  For exattiple, i t  c r e a t e s  i n t e r f a c e  i n s t a b i l i f i e e ,  
in t roduces  segrega t ion  of components and produces c r y s t a l  d e f e c t s  in  t h e  
r e s u l t i n g  s o l i d  mate r i a l .  Theee d e f e c t s  and inhomogeneit ies,  which a r e  
p a r t i c u l a r l y  troublesoare i n  e l e c t  r o n i t  technology and o t h e r  advanced 
t e c h n i c a l  a p p l i c a t i o n s ,  might be avoided i n  m a t e t i a l e  produced under 
microgravi ty  conditions. 
I n  Task 1 ,  s u r f a c e  t ens ion  and s u r f a c e  segrega t ion  e f f e c t s  a r e  being 
i n v e s t i g a t e d  t o  determlne t h e  2 o s s i b l e  Lafluence of theee  eurcace  e f f e c t s  
on convection and s o l i d i f i c a t i o n  proceeees. I n  p a r t i c u l a r ,  naasul-t?.mnte 
a r e  being mede of the  s u r f a c e  t ens ion  of i j q u l d  s i l i c o n .  S l l i c o n  is  one 
of the  most important  materia'le uaed i n  e l e c t r o n i c  technology. Because 
of the  need f o r  f u l l y  de fec t - f ree  m e t e r i a l ,  not  r e a d i l y  o b t a i n a b l e  under 
earth-bound cond i t ions  where g r a v i t y - d r i v e n  convection can be important ,  
s i l i c o n  i s  a  major candidate  m a t e r i a l  f o r  epace f l i g h t  process ing.  Under 
microgravi ty  c o n d i t i o m ,  U r a a g o n i  convection a r i e i n g  fropn s u r f a c e  termion 
g r d i e n t o l  could be t h e  main eource  of f l u i d  f l o w  a f f e c t i n g  e o l i d l f i c . a t i o n  
p r c a e a e s .  Thus s u r f a c e  Cewion infotpult ion v i l l  b e  important  i n  planning 
m a t e r i a l s  p toceseing i n  epace.  B e c a m  of the high r e a c t f v i t y  of e l l i c o n ,  
i r e  s u r f a c e  t eas fon  i e  poorly k n m ,  Moreover, d e e p i t e  the  t echno log ica l  
iraportance of s i l i c o n ,  tbe dependence of i t e  s u r f a c e  t ens ion  on temperature 
and i m p u r i t i e s  vaa r e a l l y  not known a t  a l l  p r i o r  t o  the  c u r r e n t  work. 
Thie work is designed t o  provide theee  s u r f a c e  t ens ion  msasurenente. 
In Task 2 ,  s o l u t a l  convect ion,  which t ' e su l t s  from simultaneous 
Ce-rature and compoeition g r a d i e n t s ,  and o t h e r  convect ive  phenomena 
a r i o i n g  dur ing  d i r e c t i o n a l  e o l i d i f i c a t i o n  a r e  being i n v e s t i g a t e d  both by 
t h a o r e c i c a l  c a l c u l a t i o n e  and by experimente.  The experiments a r e  designed 
t o  t a e t  t h e  t h e o r i e s  and provide q u a n t i t a t i v e  d a t a  on convection proceesee. 
Direct  a e a s u r e w n t e  of convection a r e  being made dur ing  unidirec:ional  
e o l i d i f i c a t i o n  of t r ansparen t  m a t e r i a l s ,  p a r t i c u l a r l y  s u c c l n o n i t r i l e  
con ta in ing  small amounts of e thano l .  'Ihe t h e o r e t i c a l  ca1culatio1;s 
s p e c i f i c a l l y  include de te rmina t ions  of the  e f f e c t s  a r educ t ion  i n  
g r a v i t a t i o n a l  fo rce  w i l l  have on convection.  
I n t e r a c t l o n e  betveen eeapera tu re  g r a d i e n t s  and composit ion g r a d i a n t e  
can make i t  impoeaible t o  avoid s o l u t a l  convection and o t h e r  dene i ty -  
d r i v e n  convection e f f e c t 8  dur ing  m a t e r i a l a  proceas ing on e a r t h .  Since  
t h i s  type of convection depedds on g r a v i t y ,  i t s  e f f e c t s  w l l l  be much l e e s  
pronounced i n  space. NBS w r k  i e  d i r e c t e d  t w a r d  p rov i s ion  of m e a e u r m n t s  
and d e v e l o p e n t  of  d e l e  t o  d e f i n e  the  cond i t ione  under which this type 
of convection w i l l  be l q o r t a i t  and d e t e d n e  how i t  can be avoided o r  
c o n t r o l l e d .  
I n  Task 3 ,  a s e l e t a a c e  i e  being provided t o  a j o i n t  p r o j e c t  invo lv ing  
i n v e e t i g a t o r e  from Rice Univers i ty  ( R o f .  J, Xargrave) and Canera1 E l e c t r i c  
Co. ( D r .  R. T. R o e t )  i n  which a General  E l e c t r i c  e l ec t romegne t i c  l e v i t a t i o n  
f a c i l i t y  i e  being app l i ed  t o  develop l e v l t a t i o a / d r o p  c a l o r f a a t r y  techniques  
and d e t e d n e  t h e i r  p o e s i b i l i t i e e  f o r  use i n  apace f l i g h t  e~rper imente .  
The c r i t i c a l  advantage of such l e v i t a t i o n  experiments is t h e  avoidance of 
epec i r~en  contamination e i n c e  i n  h ighly  r e a c t i v e  m a t e r i a l s  even s l i g h t  
c o n t a c t  with a con ta ine r  dur ing hea t ing  and mel t ing could completely 
i n v a l i d a t e  t h e  expe r imen ta l  r e s u l t s .  Hcnsurements of t h e  s p e c i f i c  h e a t  
of l i q u i d  t ungs t en  uncontaminated by r e a c t i o n  wi th  c o n t a i n e r  w a l l s  
c u r r e a t l y  a r e  be ing  pursued i n  e a r t h ' s  g r a v i t y  expe r imen t s  t o  look a t  the  
l i m i t a t i o n s  imposed by g r av i t y  i n  such vork .  For e x a q l e ,  i n  t h e s e  
expe r imen t s ,  t h e  l a r g e  e l e c t r o m a g n e t i c  f o r c e s  r e q u i r e d  t o  c o u n t e r a c t  
g r a v i t y  tend  t o  produce i n s t a b i l i t i e s  i n  t h e  l i q u i d  d r o p l e t s .  A number 
of t h e  a u t o u a t e d  t e c h n i q u e s  be ing  developed i n  t h i s  w r k  shou ld  a l s o  be 
u s e f u l  f o r  space  f l i g h t  exper iments .  
Task 1 
Surface  Teneions and Their  Var ia t ions  
v i t h  Temperature and I m p u r i t i e s  
S.  C.  Eardy 
Pietallurgy Divie ion 
Center f o r  Mate r i a le  Science 
In t roduc t ion  
Surface  t ens ion  g r a d i e n t s  produced by temperaeure o r  concen t ra t ion  
v a r i a t j o n e  on f r e e  l i q u i d  s u r f a c e s  result i n  ehear s t r e e s e s  vhich can i n  
many e i t u a t i o n e  s e t  t h e  f l u i d  i n t o  motion. I n  lw g r a v i t y  m a t e r i a l s  
proceesirig t h e  primary flu 'd f l w s  a r e  expected t o  be of t h i s  type because 
buoyancy i s  g r e a t l y  reduced. These thennocap i l l a ry  f lows can i n f l u e n c e  
the  temperature and s o l u t e  f i e l d s  i n  t h e  bulk l i q u i d  and the  rrwrphology, 
mic roe t ruc tu re  and homogeneity of a s o l i d  produced from t h i s  l i q u i d .  
Thue, knowledge of s u r f a c e  t ens ion  g r a d i e n t s  i e  e s s e n t i a l  t o  t h e  under- 
e t and ing  of m a t e r i a l s  produced from the  processes  involving f r e e  l i q u i d  
s u r f a c e s  i n  1- g r a v i t y .  We a r e  meaeuring t h e  eur face  teneion of l i q u i d  
e i l i c o n  i n  support  of space experirnente wl th  t h i s  m a t e r i a l  i 'h ich  a r e  
being developed. The r e s u l t e  of these  meamremente w i l l  a l a o  be of 
i n t e r e s t  f o r  s i l i c o n  c r y s t a l  g r w t h  resea rch  and production 06 e a r t h .  
The temperature and chemical concen t ra t ion  dependences of t h e  s u r f a c e  
teneione of many m a t e r i a l s  a r e  poorly knm; f o r  h ighly  r e a c t i v e ,  high 
mal t ing point  e l e m n t e  l i k e  s i l i c o n  o f t e n  only  e s t i m a t e s  of theee  parameters 
can be found i n  t h e  literature. Thus i n  a r e c e n t  computer s tudy of the  
f l u i d  f low i n  Czochralski  g r w t h  of s i l i c o n ,  c a l c u l a t i o n s  were performed 
f o r  values  from -0.1 m J / m 2 ~  t o  -0.4 r.J/rn2lZ f o r  K, t h e  r a t &  of change of s u r f a c e  
t ene ion  wi th  temperature [ I ] .  The f l a v  was Pound t o  vary s i g n i f i c a n t l y  
both i n  mgnitu.de and d i e t r i b i ~ ' . i o n  f o r  t h i s  v a r i a t i o n  i n  K. T h e ~ e  r e s u l t s  
s h w  t h a t  accura te  su r face  t ens ion  d a t a  i e  e o s e n t i a l  f o r  meaningful ca lcu-  
l a t i o n s  o r  q u a n t i t a t i v e  i n t e r p r e t a t i o n  of observed flow phenomena i n  
f l o a t i n g  zones of s i l i c o n .  
The u n c e r t a i n t y  i n  K f o r  s i l i c o n  atema b a s i c a l l y  from the  l ack  of 
sys temat ic  measurements of t h e  s u r f a c e  t e n s i o n  over  a temperature range. 
Various workers have measured t h e  s u r f a c e  t ens ion  a t  d i f f e r e n t  temperature8 
1 2 ,  3 ,  41 .  However, K va lues  c a l c u l a t e d  from t h e i r  d a t a  a r e  h igh ly  
i n a c c u r a t e  because sys temat ic  e r r o r s  i n  t h e  d i f f e r e n t  experiments a r e  
s u f f i c i e n t l y  l a r g e  t o  obscure t h e  s u r f a c e  t ene ion  d i f f e r e n c e s  due t o  
t e q e r a t u r e .  It i s  e s s e n t i a l  i n  determinations of K t o  m a s u r e  the  
s u r f a c e  t ens ion  over a temperature range i n  t h e  sane experiment s o  t h a t  
t h e  e f f e c t s  of s y s t e m t i c  e r r o r s  a r e  minimized. This i s  e s p e c i a l l y  t r u e  
f o r  s i l i c o n  because of i t s  extreme chemical r e a c r t v i t y .  Liquid s i l f c o n  
d i s s o l v e s  almost a l l  m a t e r i a l s  t o  some e x t e n t  thereby p ick ing  up I m p u r ? ~  
which can s u r f a c e  segrega te  and s i g n i f i c a n t l y  l m r  t h e  s u r f a c e  t ens ion .  
Thus i t  m e t  be assumed t h a t  m e t  experiments w i l l  have unique impuri ty  
. c o n c e n t r a t i o n s .  
The only sys temat ic  s tudy of the  aurfeca  tenelon of s i l i c o n  over  a 
temperature range t h a t  we know of i s  t h a t  of Lakin, a t  a 1  [ 5 ] .  The 
va lue  they found f o r  K i e  -0.1 m J / r n 2 ~ .  LUthough t h i e  i s  a reasonable  
va lue ,  no d e t a i l s  o r  d a t a  a r e  preeeated.  b r e o v e r  the  d e n s i t y  v a r i a t i o n  
wi th  tenrperature ueed i n  t h e i r  vork i e  s i g n i f i c a n t l y  d i f f e r e n t  from t h a t  
g e n e r a l l y  accepted.  Thu~ i t  i s  not  pose ib le  t o  make any judgment ae t o  
the accuracy of t h e i r  meaeurements. 
Experimental 
We a r e  us ing the  e m e i l e  drop technique t o  meaeure t h e  s u r f a c e  
t ens ion  of l i q u i d  s i l i c o n .  %hie  method i s  based on a comparison of t h e  
p r o f i l e  of a l i q u i d  drop dth t h e  p r o f i l e  c a l c u l a t e d  hy s o l v i n g  t h e  
Young-Laplace equa t ion .  The comparison can be made I n  s e v e r a l  ways; w e  
a r e  u e i n g  t h e  t r a d i t i o n a l  Bashforth-Mame [ 6 ]  procedure  w i t h  modern d rop  
shape  t a b l e s  w e  have c a l c u l a t e d  which v i r t u a l l y  e l i n i n a t e  i n t e r p o l a t i o n  
e r r o r s .  
Although v . ~  have used t h e  ee  , \ i l e  d rop  t echn ique  p r e v i o u s l y  t o  
measure t h e  s u r f a c e  t e n s i o n  of g a l l i u m  [7J, t h e  p r e s e n t  expe r imen t s  
r e q u i r e  e s s e n t i a l l y  new a p p a r a t u s  because  of  t h e  high t empera tu re s  
i nvo lved .  The m e l t i n g  p o i n t  of s i l i c o n  i s  1410°C and i t  is  d e s i r a b l e  t o  
make measurements t o  a t  ].east lCiUCl0C i n  o r d e r  t o  determine t h e  t empera tu re  
dependence of t h e  s u r f a c e  t e n s i c n .  
F i g u r e  1 i s  a scheme t i c  diagram o f  t h e  expe r imen ta l  a p p a r a t u s .  ?ne  
s i l i c o n  i s  con ta ined  i n  a  cup which s t a b i l i z e s  t h e  l i q u i d  d rop  and imposes 
a  c i r c u l a r  c r o s s  s e c t i o t  on t h e  d rop  base, t h u s  r educ ing  e r r o r e  ,-ising 
from a n i s o t r o p i c  w e t t i n g  o f t e n  encountered  u s i n g  f l a t  d rop  s u p p o r t s .  The 
o u t s i d e  d i ame te r  of  t h e  cup is used a s  t h e  l e n g t h  s t a n d a r d  i n  t h e  
c a l c u l a t i o n  of t h e  s u r f a c e  t e n s i o n .  The cup and drop  a r e  a t  t h e  c e n t e r  
cF a c y l i n d r i c a l  s u s c e p t o r  which is hea t ed  i n d u c t i v e l y ,  The q u a r t z  j a c k e t  
e n c l o s i n g  t h e  s u s c e p t o r  and drop  connect8  through a n  O-ring coup l ing  t o  a 
vacuum sys tem c o n e l s t i n g  o f  a  w a t e r  cooled  b a f f l c  and d i f f u s i o n  pmnp, 
gauges ,  v a l v e s  f o r  a d m i t t i n g  g a s e s  t o  t h e  sys tem,  and a  forepump. @art2 
windows a t  b t h  ends  of t h e  t ube  allow s imu l t aneous  photography and 
t e q e r a t u r e  m a a s u r e n t  of t h e  drop  w i t h  a n  a u t o n a t i c  pyrometer .  
F i g u r e  2 shows t h e  c e n t r a l  r e g i o n  of  t h e  h e a t i n g  tube  i n  more d e t a i l .  
The cup c o n t a i n i n g  t h e  si?4.con s i t s  on a  t u n g s t e n  p l a t f o r m  which i n  t u r n  
r s s t e  on two t u n g s t e n  rode. T t e s e  rode ex t end  w e l l  o u t  of  t h e  s u s c e p t o r  
i n t o  a  much c o o l e r  r e g i o n  OF ~ n e  h e a t i n g  tube .  They a r e  clamped t o  a  
. . 
Young-Laplace eqtlation. The compar.,on can be made i n  eeveral vays; we 
a re  w i n g  the t r a d i t i o n a l  Baeh£ortt,-Adam [6 1 procedure with modern drop 
shape tab les  w e  have ccrlculated which v i r t u a l l y  el iminate  in te rpola t ion  
e r rors .  
Although we have u d  the s e s s i l e  drop technique previously t o  
aheasure the surface tension of g a l l i m  [ 7 ] ,  the present experiments 
require  e s sen t i a l l y  new appmatue became of the high temperaturea 
involved. The melting point of e i l i con  18 1410°C and i t  i s  dea i rsb le  t o  
make reearrurements t o  a t  least 1600°C i n  o ~ d e r  t o  determine the t e q e r a t u r e  
dependence of the surface tension. 
Figure 1 is a schematic diagram of the  experimental apparatus. The 
s i l i c o n  i s  contained i n  a cup which s t a b i l i z e s  the l i qu id  drop and Frposee 
a circular crose sec t ion  on the drop h, thus reducing e r ro re  ariafag 
from anisotropic  ve t t ing  of ten  encountered uaing f l a t  drop mpporte.  'Lhe 
outside diameter of the cup i e  used aa the length standard i n  the 
calculat ion of the Burface tension. The cup and drop a r e  a t  the center  
of a cy l ind r i ca l  susceptor which is heated inductioely. The quartz jacket 
enclosing the m c e p t o r  and drop connects through an O-ring coupling t o  8 
vacuum system coneieting of a water m l e d  baffle and di f fus ion  pump, 
gauges, valven f o r  admitting gasee t o  the system, and a foreprmp. Qrrarte 
vlndwe a t  both Bride of the  tube allow e h d t a n e c u e  photography und 
temperature measurement of the drop with an automatic pyrcuaeter. 
Figure 2 shows tb cen t r a l  region of the heating tube i n  mare de t a i l .  
I& cup containing the s i l i c o r  s i t e  on a tungsten platform vhich i n  t u r n  
r e s t s  on tvo tuageten rode. These rods extend v d l  out of the ewceptor  
i n t o  a mch  cooler region of the heating tube. They a r e  clampcd t o  a 
e t a l a l e e s  s t e e l  block a t  one end and rest f r e e l y  on an i d e n t i c a l  block at 
t h e  o t h e r  end. These s t e e l  blocks r e s t  on t h e  valls of t h e  q u a r t z  tube.  
The pla t form and cup can be moved a long t h e  rode and t h e  e n t i r e  assembly 
t r a n s l a t e s  i n s i d e  t h e  quar tz  tube. This device  permits  convenient and 
rap id  sample i n s e r t i o n  and removal. 
The induc t ion  h e a t e r  opera tes  a t  450 kHz and has a p a r e r  r a t i n g  
of 2.5 kW. Tide hae proved adequate f o r  t h w e  experiments i f  t h e  
s u c e p t o r  is  i n s u l a t e d  s u f f i c i e n t l y .  The m e t  promising i n s u l a t i o n  ve 
have tried i e  z i r c o n i a ,  ZrO2, because of i t s  low t h e d  conduc t iv i ty  and 
~ - 
outgaaeing rate. Bowever, t h e  s t a b i l i t y  of the i n s u l a t i o n  i n  conjunct ion 
v i t h  t h e  sueceptor  m a t e r i a l  is critical. In our F n i t i a l  meaeurenrents we 
used z i r c o n l a  wrapped about a tanta lum eusceptor.  At opera t ing  temperature  
t h e  tanta lum reduced two z i r c o n i a  and generated v o l a t i l e  s p e c i w  according 
t o  t h e  f o l l o v i n g  r e a c t i o n  [a ] :  
Ta(e) + ZrOz(e) - TaO(g) + ZrO(g) 
Sfmilar  r e a c t i o n s  can occur  w i t h  o t h e r  combinatione of i n s u l a t o r  and 
suecep tors  (9).  A t  preaent  we a r e  w i n g  z i r c o n i a  i n s u l a t i o n  v i t h  molybdenum 
sueceptors .  l k i e  combination i s  repor ted  t o  be non-reacting up t o  22W°C 
[ 9 ,  101. M e t a l l i c  h e a t  eh ie lde  cannot be used because t h e  s k i n  depth  a t  
450 BH. i e  only 0.06 cm. Since t h e  f i e l d  decaye exponen t ia l ly  aa t h e  
th ickneee over t h e  pene t ra t ion  depth ,  a h e a t  e h i e l d  0.006 cm t h i c k  reducae 
t h e  f i e l d  by l o % ,  a p w e r  l o e s  which d d  be i n t o l e r a b l e  v i t h  cxlr equipment. 
The sueceptor i e  const ructed of two concen t r i c  cy l indere  of molybdenum 
wi th  t h e  t h i r d ,  inner  cy l inder  of tantalum became of i t e  lower vapor 
pressure .  The t o t a l  th ickneee 18 about 0.11 em, vhich i e  s u f f i c i e n t  t o  
reduce t h e  f i e l d  t o  about 14% of t h e  maximum v a l t e .  Thue the  i n t e r i o r  of 
the susceptor is not f i e l d  free.  This m y  r e s u l t  i n  net forces  on t h e  
s e a s i l e  drop which v i l l  cause d i s to r t i ons .  Although we do not have 
evidence f o r  such d iscor t ione ,  i t  i e  des i rab le  t o  decrease this f i e l d  
penetration. 
Because of the very high r e a c t i v i t y  of l i qu id  s i l i c o n ,  t he  choice of 
cup mater ial  i s  a c r i t i c a l  f ea tu re  of these meaeureraen~e. Extensive 
s tud ie s  o t  the compatibi l i ty  of l i qu id  s i l i c o n  v l t h  various a a t e r i a l s  
have been made recent ly  i n  conjunction v i t h  the solar c e l l  p r o g a a  of t h e  
DOE. This research suggests t h a t  boron n i t r i d e  is the  m e t  prcaieiag of 
a very l i a i t e d  group of mater ia l s  [ I l l .  Wquid s i l i c o n  haa a contact  
angle v l t h  b r o n  n i t r i d e  of about 130" [111. For our purposes a high 
contact angle is  des i rab le  because i t  ninimizee the  v e t t i n g  of the top 
surface of the a l p  by t5e ~ i l i c o n  vith the a t tendea t  d i s t o r t i o n  of shape. 
&re  importantly,  s i l i c o n  does not dissolve boron n i t r i de .  h the  
s i l i c o n  i s  not grossly c o n t d n a t e d  by cup material .  The bonding be- 
the s i l i c o n  and the boron n i t r i d e  is s u f f i c i e n t l y  veak t o  preselve the 
cup on cooling. b e t  materials had  strongly t o  l i q u i d  s i l i c o n  and a r e  
cracked by the d i f f e r e n t i a l  thermal contract ion on cooling. Thae the 
b r o n  n i t r i d e  a p e  can be ased f o r  m y  e x p e m t e .  Althaugh the DOB 
s tud ie s  sboved that s i l i c o n  did acquire  - f r e e  boron vhen in  contact  
v l t h  boron n i t r i d e ,  we do c o t  bel ieve thie vfll have a major e f f e c t  on 
our measurements because boron hac, A higher surface teas ion  than s i l i c o n  
and coneequently vill not surface segregate. The developanent of  a kulk 
buron concentration v i l l  only increase the  surface tension. Studies of 
the boron s i l i c o n  system indica te  t h a t  1 atamic percent tmron vill r a i s e  
the  sur face  tension of s i l i c o n  about 25 d / m 2 ,  1.e.. approximately 32 ( 5 ) .  
This would be a very high bulk impurity concentration. 
The s i l i c o n  used i n  t h e e  ea r ly  experiments i s  po lyc rys t a l l i ne  
meter ia l  of s i x  ninee purity.  The e q l e s  a r e  cu t  from a l a rge  W e  
using a carbide cut-off wheel. Af te r  r i m i n g  i n  water and alcohol ,  t h e  
s i l i c o n  paral lepiped i e  melted and s o l i d i f i e d  on a f l a t  boron n i t r i d e  
block t o  form a button v i t h  roughly t h e  shape of a s e s e i l e  drop. This 
button is  then placed i n  a boron n i t r i d e  cup and a sessile drop i e  foraed. 
The t q r a t u r e  of the  s i U c o n  is  ra i sed  t o  t he  mxhm and the  drop is 
photographed a~ i t  i s  cooled t o  varioue teurperaturee by reducing t h e  
power setting of t he  induction heater.  
Reeults and Macaseion 
Figure 3 s h w s  the  sur face  tension of l i q u i d  s U c c i n  ae a funct ion 
of temperature f o r  three d i f f e r e n t  sanplee. Two e e t e  of da ta  are .h good 
agreement v i t h  each other:  t he  t h i r d  s e t  lies about 40 d / m 2  W e r  than 
these paints .  The s lopes,  havever, are near ly  t he  aaae f o r  t he  two 
groupings of data.  Linear regreeeion ana lye is  g ives  s lopes  of 
-0.245 k 0.012 aT and -0.237 t 0.025 mJ 
- -
r n 2 ~  m 2 ~  
f o r  t he  lower and higher data respec t ive ly  vhare t h e  range is  the  estimated 
probable e r ro r .  Ttare our early mea8orePente i nd i ca t e  t he  v a r i a t i o n  v i t h  
t q e r a t u r e  of t he  sur face  tension of e i l i c o n  i e  approximately -0.24 d / $ K .  
This data  vaa acquired before the  conetruction of the  vacuum system; t h e  
Paaeuramente were made i n  f l d n g  argon which had been pur i f i ed  by passage 
over hot t i tanium. The 40 d / m 2  di f fe rence  i n  the tuo sets of da t a  is 
probably due t o  a d i f f e r e n t  parLial  pressure of oxygen i n  t he  flowing argon. 
It i s  p o ~ s i b l e ,  of course ,  t h a t  the  s u r f a c e  t ens ion  d i f f e r e n c e  a r i s e s  
t '  
riom a drop asyl~metry which w cannot observe o r  t o  bulk contamination 
1 ,  
1 
, , 
with  baron. These values  of s u r f a c e  t ens ion  and t h e  temperature v a r i a t i o n  
. , of t h e  s u r f a c e  t ens ion  should be regarded ae preliminary and a s  a 
, f developmental s t e p  r a t h e r  than a q u a n t i t a t i v e  m u r c P e n t .  
Y e  a l s o  e h w  i n  Figure  3 an a daehed l i n e  t h e  r e s u l t s  of t h e  Russian 
' i 
, .  
~ e a ~ l u r e m n t s  re fez red  t o  p r e v i w l y  vh ich  have d y  heen repor ted i n  
summary form (51. This curve is i n  f a i r  agreement i n  a b s o l u t e  va lue  of 
t h e  s u r f a c e  tene10.1 w i t h  our  l w e r  data. Bouever, t h e  temperature 
v a r i a t i m  i s  -0.1044 mJ/n2~, a value  l e e s  than half t h a t  vhich we £ 4 .  
P a r t  of t h e  discrepcmcy i s  due t o  t h e  use  of d i f f e r e n t  dene i ty  data .  
The au thors  of r e f e n ~ n c e  [51  c l a b  t o  have measured t h e  d e n s i t y  and 
r e p o r t  t h e i r  result8 by g i v i n g  a va lue  f o r  the c o e f f i c i e n t  5 which 
occurs  i n  t h e  exprees ion 
The value  of Kp f o r  pure s i l i c o n  they f i n d  is 0.1291 x 10-~gdcm%. 
Ue have d i n  our d c u l a t i o n e  of -face t ens ion  t h e  d e n s i t y  
aeaeurements o f  hcke [I21 e t  al which are repor ted  in d e t a i l ,  are 
eye te rmt ic ,  and i n  good agreement wi th  less ex tene ive  a e a ~ l u r e m ~ t s  by 
o thers .  bus f inde  Kp - 0.35 x 10-~gu/cm%, a value s i g n i f i c a n t l y  
, d i f k r e n t  fram the E m s i a n  work. If t h e  lwer Kp i e  used t o  c a l c u l a t e  
I 
I 
! s u r f a c e  teneione wi th  our drop meaeureimente, t h e  temperature v a r i a t i o n  of 
t h e  s u r f a c e  t eae ion  is reduczd t o  -0.185 n ~ / r a ~ ,  a r e s u l t  s t i l l  e i g n i f i c a n t l y  
higher  than t h a t  repor ted i n  the Brreeian vork. 
In  elmrmary, we have developed t h e  i n e t n r ~ a n t a t i o n  requ i red  t o  meaeure 
t h e  temperature v a r i a t i o n  of the  s u r f a c e  t ene ioa  of s i l i c o n .  Prel iminary 
maeur-ate i n  f l w i n g  argon ueing boron n i t r i d e  cupe t o  c c a t a l n  t h e  
drops  euggeet t h a t  this t q e r a t u r e  v a r i a t i o n  w i l l  be near  -0.24 mJ/m2~. 
In f u t u r e  work we w i l l  be lralring meaeuremnts i n  vacuum and i n  atmoepheree 
con ta in ing  c o n t r o l l e d  concentra t ione of hydrogen and oxygen i n  o rder  t o  
d e t e d n e  t h e  a e n e i t i v i t y  of t h e  e i l i c o n  surface! t e n s i o n  t o  oxygen p a r t i a l  
pressure .  Ln a d d i t i o n ,  t h e  e f f e c t s  of o t h e r  con ta ine r  m t e r i a l e  UFLl be 
i n v e s t i g a t e d .  Of p a r t i c u l a r  i n t e r e s t  i e  Si02 b e c a m e  of its v i d e  use i n  
i n d u e t r i a l  e i l i c o n  c r y s t a l  growth. S a m  d e t e r d n a t i o n  of t h e  i r p n r i t y  
content  of t h e  ~ l l i c o n  a f t e r  t h e  s u r f a c e  t ene ion  meaeureaente i e  h ighly  
d e s i r a b l e  t o  aeeeee t h e  e x t e n t  t o  which t h e  s i l i c o n  i e  contaminated by 
con tac t  w i t h  t h e  cup. U2 w i l l  c h a r a c t e r i z e  our sarplee uFng Auger 
epectroecopy. 
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Fig. 3 .  The surface tension of s i l i c o n  ae a function of t q e r a t ~ r e  
(preliminary r e s u l t s  1. 
Task 2 
Convection h s i n g  Unid i rec t iona l  S o l i d i f i c a t i o n  
R. J. Schaefer and S. R. C o r i e l l  
H r t a l l u r ~  Divis ion 
Center f o r  Mate r ia l s  Science 
and 
G. B. McFadden and R. G. Rehm 
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During e o l i d i f i c a t i o n  of a binary a l l o y  a t  cons tan t  v e l o c i t y  v e r t i c a l l y  
upwards, t h e m e o l u t d  convection can occur i f  the s o l u t e  r e j e c t e d  a t  
t h e  crys ta l -mel t  i n t e r f a c e  decreases  t h e  d e m i t y  of t h e  malt .  We aclsmae 
that t h e  cryeta l - l t  i n t e r f a c e  remaiae p lanar  and t h a t  t h e  f l w  f i e l d  i e  
p e r i o d i c  i n  tb, h o r i z o n t a l  d i r e c t i o n .  The t inredependent  non l inear  
d i f f e r e n t i a l  equation6 f a r  f l u i d  f l w ,  concen t ra t ion ,  and temperature 
a r e  sol.ted n u w r i c a l l y  i n  two e p a t i a l  ci imneions f o r  small P r a n d t l  
n w ~ b e r a  and m d e r a t e l y  l a r g e  S:ttmidt numbere. For elow e o l i d i f i c c l t i o n  
v e l o c i t i e s ,  t h e  thermal f i e l d  has  a n  important s t a b i l i z i n g  in f luence ;  
near  t h e  onse t  of i m t a b i l i t y  t h e  f l o v  i s  confined t o  t h e  v i c i n i t y  of t h e  
c rys ta l -mel t  i n t e r f a c e .  For f i x e d  v e l o c i t y  t h e  concen t ra t ion  i n c r e a s e s ,  
t h e  h o r i z o n t a l  wavelength decreaseb r a p i d l y ;  a phenomenon a l e o  i n d i c a t e d  
by l i n e a r  s t a b i l i t y  ana lye i s .  The l a t e r a l  i h n m g e n e i t y  i n  e o l u t e  ooncentra- 
t i o n  due t o  convection i e  obtained from t h e  c a l c u l a t i o n s .  For a narrow 
range of e o l u t a l  Rayleigh numbere and wavelengths, t h e  flow i s  p e r i o d i c  i n  
time . 
Experinsental observat ion8 of u n i d i r e c t i o n a l  s o l i d i f i c a t i o n  of e u c c i n o n i t r i l e  
conta ining e thano l  have revealed an i n t e r a c t i o n  between convective 
flow, i n t e r f a c e  ehape, and t h e  l o c a l i z e d  development of a c e l l u l a r  i n t e r f a c e .  
The e f f e c t  i e  a t t r i b u t e d  t o  t h e m f l y  i n a t z e d  convection and can be modified 
by changing t h e  thermal f i e l d  i n  t h e  i n t e r f a c e  rsgion.  
In  c o l l a h r a t i o n  v i t b  H. E. GUcksman and Q. T. Fang of Reneaelaer Po ly techn ic  
I n e t i t u t e ,  and B. P. Boievert  of t h e  S c i e n t i f i c  Computing M v i e i o n ,  we have 
analyzed t h e  s t a b i l i t y  of t h e  p a r a l l e l  flow between a  v e r t i c a l  c r y e t a l l n e l t  
i n t e r f a c e  and a  v e r t i c a l  wall held  a t  a  temperature above t h e  mal t ing  p o i n t  
of t h e  r r y e t a l .  Three Prodee of i m t a b i l i t y  occur: (1) a  buoyant mode, 
( 2 )  a  shea r  d e ,  and (3) a  coupled cryeta l -are l t  mode. For P t a n d t l  numbers 
g r e a t e r  than approximately two, t h e  coupled cryeta l -mel t  mode occurs  a t  a 
l a v e r  Grashof number than  t h e  o t h e r  two d e e .  These c a l c u l a t i o n s  and e i m i l a r  
c a l c u l a t i o n e  l o r  a  c y l i n d r i c a l  geometry were motivated by and a r e  i n  g e n e r a l  
agreement wi th  recen t  experiments on e u c c i n o n i t r i l e  a t  Reneselaer Po ly techn ic  
I n s t i t u t e .  
I n t r o d u c t i o n  
The g e n e r a l  aim of t h i s  t a s k  i s  t h e  t h e o r e t i c a l  and e x p e r i m n t a l  s t u d y  
of t h e  f l u i d  f low and s o l u t e  s e g r e g a t i o n  which occu r  d u r i n g  s o l i d i f i c a t i o n .  
The n a t u r e  of t h e  f l u i d  f low,  i t s  e f f e c t  on t h e  shape of t h e  c r y s t a l - m e l t  
i n t e r f a c e  and on t h e  r e s u l t i n g  d i s t r l b u t i o ~  of so l i r iea  ig cirarmned. I n  
p a r t i c u l a r ,  t h e  r o l e  of  s o l u t a l  convec t ion  (g rauLty  d r l ,  . low due t o  e o l u t e  
g r a d i e n t s )  d u r i n g  t h e  v e r t i c a l  d i r e c t i o n a l  s o l i d i f i c a t i o . .  ,- b i n a r y  a l l o y  
i s  cons ide red  bo th  t h e o r e t i c a l l y  and expe r i l aen ta l ly .  
We p r e s e n t  a d i s s c u s s i o n  o f  t h e  ntrmerical c a l c u l a t i o n s  f i r s t  and then  a  
d e s c r i p t i o n  of t h e  expe r iuen t s :  each  S e c t i o n  can  be read  independen t ly ,  
The r e s u l t s  of a  number of  c a l c u l a t i o n 8  o f  t h e  f l u i d  f low and c o n c e n t r a t i o n  
f i e l d  d u r i n g  d i r e c t i o n a l  e o l i d i f i c a t i o n  of a n  a l l o y  w i t h  P r a n d t l  number of 
0.01 and Schmidt number o f  10 a r e  d e s c r i b e d  i n  t h e  Numerical Reeu l t s  s e c t i o n .  
The expe r imen ta l  s e c t i o n  d e s c r i b e s  t h e  f l u i d  f low and c r y s t p l - m e i t  i n t e r -  
f a c e  shapes  observed du r ing  t h e  d i r e c t i o n a l  e o l i d i f i c a t i o n  of  s u c c i n o n i t r i l e  
c o n t a i n i n g  sma l l  a d d i t i o n s  of  e t h a n o l .  
I n  a n  Appendix, we d e s c r i b e  a l i n e a r  s t a b i l i t y  a n a l y s i s  r e l e v a n t  t o  
expe r imen ta l  work being conducted a t  Renese i ae r  Poytechnic  h t i t u t e .  88 
d e s c r i b e d  i n  t h e  Appendix an i n t e r f a c e  i n s t a b i l i t y  o c c u r s  under  c o n d i t i o n s  
f o r  which i n  t h e  abaence of  f l u i d  f low,  t h e  c r y s t a l - m e i t  i n t e r f a c e  would be 
morphologica l ly  s t a b l e .  
NUMERICAL RESULTS 
The b a s i c  e q u a t i o n s  and methcds f o r  c a l c u l a t i n g  t h e  f l c i d  v e l o c i t y ,  
s o l u t e ,  and t empera tu re  f i e l d s  du r ing  d i r e ,  t i o n a l  s o l i d i f i c a t i m  of a  b i n a r y  
1 a l l o y  v e r t i c a l l y  upwards have p rev ious ly  been r e p o r t e d  [ I ] .  I n  t h i s  r e p o r t  
t 
w e  p r e s e n t  t h e  r e s u l t s  of a  number of numer ica l  c o q u t a t i o n s  f o r  an a l l o y  
i 
I of  P r a n d t l  number P = 1 0 ' ~  and Schmidt number Sc = 10. I n  g e n e r a l  we w i l l  
t 
i 
I u s e  d i m e n s i ~ n l e s s  v a r i a b l e s ;  Tables  I and I1 d e f i n e  d imens iona l  and dimension- 
l e s s  q u a n t i t i e s ,  r e s p e c t i v e l y .  
The s o l u t a l  R a y l ~ i g h  number R s *  a t  t h e  o n s e t  of c o n v e c t i v e  i n s t a b i l i t y  
can be de termined  by l i n e a r  s t a b i l i t y  c a l c u l a t i o n s .  For c a n v e c t i v e  aodee of 
i n s t a b i l i t y ,  t h e  r e s u l t s  of  t h e  l i n e a r  t heo ry  a r e  app rox ima te ly  t h e  s ane  
whether  t h e  p l a n a r  c r y s t a l - l t  i n t e r f a c e  i s  a l l w e d  t o  deform o r  i s  ma in t a ined  
r i g i d .  The c r i t i c a l  s o l u t a l  Ray le igh  number a s  a f u n c t i o n  of V / D  i s  p l o t t e d  i n  
Fig.  1. Ln t h e s e  c a l c u l a t i u n s  we have k e p t  t h e  imposed t empera tu re  g r a d i e n t  
, 
i n  t h e  l i q u i d  c o n s t a n t  s o  t h a t  R ~ ( v / D ) ~  i s  c o n s t a n t ;  t h u s  Ra d e c r e a s e s  r a p i d l y  
a s  (V/D) i n c r e a s e s .  P r e v i o u s  c a l c d a t i o n s  [2-41 ( s e e  e.g. Tab le  3 of  
r e f .  2) have  i n d i c a t e d  t h a t  a s  V / D  i n c r e a s e s  t h e  t he rma l  f i e l d  does  n o t  a f f e c t  
t h c  c r i t i l - . a l  s o l u t a l  Bayle igh  number. In f c c t ,  Eiurle, Jakeman, and Wheeler [ 4 ]  
s h a r e d  t h s t  f o r  s u f f i c i e n t l y  l a r g e  V / D  t h e  dependence of d e n s i t y  on t empera tu re  
cor:ld be ' comple te ly  n e g l e c t e d ,  i . e . ,  t hey  s e t  t h e  lh - 0 ,  and o b t a i n e d  r e s u l t s  
i n  agreement  w i t h  t h o s e  of r e f .  2 ,  v h i c h  cor responded to a  l i q u i d  t empera tu re  
g r a d i e n t  o f  200K/cm. R u e ,  l i n e a r  a t a b i l i t y  t heo ry  i n d i c a t e s  t h a t  f o r  
e m a l l  v a l u e 8  of V / D ,  t h e  the.ma1 f i e l d  i s  important w h i l e  f o r  l a r g e  v a l u e s  
o f  V / D  t h e  thermal  f i e l d  i s  uniarportant .  
h e  d i f f e r e n t  behav io r  i n  t h e s e  two regimes is  f u r t h e r  i l l u s t r a t e d  i n  
I 
t F i g s .  2 and 3 .  The c r i t i c a l  bulk s o l u t e  c o n c e n t r a t i o n  C f o r  t h e  o n s e t  of  
r 
I i n s t a b i l i t y  i s  p l o t t e d  a s  a  f u n c t i o n  of  t h e  h o r i z o n t a l  wavelength  X f o r  
I D / V  = 0.015 and 0.15 cm i n  F i g s .  2 and 3 ,  r e s p e c t i v e l y .  The c o n c e n t r ~ t i o n  
i 
has been normalized by the  d n i m r n  concen t ra t ion  C* a s  a func t ion  of vavelength;  
thus  C/C* = Rs/Rs*. Linear s t a b i l i t y  theory p r e d i c t s  t h a t  the  amplitude of 
a perturba:ion v a r i e s  i n  time as exp [a , (X)t ] .  For a given value of 
c/C* > 1, t h e r e  is a p o s i t i v e  maxirmm value of err as a func t lon  of A. The 
0 
wavelength corresponding t o  t h e  maxlmm va lue  of or f o r  a given value of C/C* i s  
ind ica ted  by t h e  dashed l i n e  i u  Figs.  2 and 3. For D/V - 0.015. t h e  wavelength 
corresponding t o  t h e  tuaximm growth r a t e ,  s l w l y  decreases  as c/@ increases .  
I n  c o n t r a s t ,  f o r  D / V  = 0.15 an, the vavelength corresponding t a  the  maximura 
growth r a t e  rapidly  decreases  as C/C* inc reases .  
if.e note  t h a t  t h e  unperturbed ml t  d e n s i t y  decreases  v i t h  height  i f  
&s < kScRa/(P(k-1)) o r  Bs < 429 Ra f o r  t h e  values  given i n  Table 11. Thie 
i n e q u a l i t y  holds  f o r  a l l  of the non-llnear numerical c a l c u l a t i o n s  presented 
i n  this repor t .  Kost of our numerical c a l c u l a t i o n s  have been c a r r i e d  ou t  f o r  
D/V 0.15 cm, vhere l i n e a r  theory i n d i c a t e s  t h a t  t h e  t h e m 1  f i e l d  i s  import- 
a n t  and t h a t  t h e  vavelength decreases  r a p i d l y  v i t h  i n c r e a s i n g  s o l u t a l  Bayleigh 
number. For Bs/&s*ll we choose t h e  h o r i z o n t a l  wavelength as t h a t  
correepoading t o  t h e  onset  of i n s t a b i l i t y  as determined by liqear theory.  
As t h e  s o l u t a l  Rayleigh number i n c r e a s e s ,  we f h d  t h a t  even though we start 
v i t h  a given wavelength, t h e  a c t u a l  nrmrerical s o l u t i o n  has a smal le r  wave- 
l eng th ,  u s u a l l y  one ha l f  t h e  o r i g i n a l  wavelength. We then use  t h i e  new 
vavelength as t h e  s t a r t i n g  wavelength f o r  c a l c u l a t i o n s  a t  l a r g e r  s o l u t a l  
Eayleigh numbers. This behavior l a  i l l u e t r a t e i  i n  Pig. 4. For D/V = 0.15 cra, 
t h e  wavelength a t  t h e  azset of convection X, = 8.06 D/V. A t  BslBe* 2 1.62 
and 1.65, t h e  wavelength decreases  t o  &/2 and &/3,  r espec t ive ly .  A t  
&/Be* 2 5 . 5 ,  rhr: wavelength decreases  again  from &/3 t o  Xo/6. AE vill 
be  d i scussed ,  t h e  numerical s o l u t i o n  may depend on t h e  i n i t i a l  cond i t ions .  
Over a n a r r w  range o; Bs/B, ire have found t i m e  dependent s o l u t i o n s  which 
a r e  ind ica ted  by the  dashed l i n e  i n  Pig. 4. 
Some t e s t s  of the  numerical code have previously  been descr ibed [l]. A s  a 
f u r t h e r  t e s t ,  we c a r r i e d  ou t  c a l c u l a t i o n e  a t  X = & and R s / R B *  = 0.977 and 
1.020 on a (12.  36) g r i d  and found no flow and flow, respec t ive l j . ,  i n  agreement 
wi th  l i n e a r  s t a b i  I i t y  a n a l y s i s .  
F igures  5-9 i l l u s t r a t e  numerical r e s u l t s  f o r  Bs/Bs' - 1.29. I n  our  n u m e r i a l  
2 c a l c u l a t i o n s ,  we use a diarcaeionless t h ,  TN = tv/H . We a l s o  d e f i n e  a dimen- 
s i o n l e s s  t h e  T based on t h e  c r y s t a l l i z a t i o n  v e l o c i t y ,  v . ,  Tc - V*CID, and 
no te  t h a t  T /TN - ( V W D ) ~ / S C .  In t h e  ahsence of convection,  t h e  t h  f o r  t h e  
C 
exponen t ia l  concen t ra t ion  p r o f i l e  i n  f r o n t  of t h e  c r y s t a l - m e l t  i n t e r f a c e  t o  
develop i s  of t h e  o rder  of Tc/k f o r  k<<l. S p e c i f i c a l l y ,  f o r  k = 0.3 t h e  
i n t e r f a c e  concen t ra t ion  reaches 95Z of i c e  f i n a l  va lue  i n  a time corresponding 
t o  Tc z 10.2 o r  TN 5.9 f o r  ( W D )  - 4.17 a s  i n  Figs .  5-9. For b/b* - 1.29, t h e  
t l m e  t o  approach s teady  e t a t e  i n  the  flow, s o l u t e ,  and temperature f i e l d s  cor res -  
a -  * 
ponds t o  TN z 14 as shown 1a;Fig .  5 i n  which t h e  mxhm va lue  of t h c  s t ream 
func t ion  i s  p l o t t e d  a g a l e e t  time. In Pigs.  6 7  w e  e h w  t h e  s t eady  state atream 
f u n c t i o n  and concen t ra t ion  r e s p e c t i v e l y  as a f u n c t i o n  of pos i t ion .  At t h e  
top boundary, we have a s s 4  that the f l u i d  v e l o c i t y  and per turbed temperature 
g r a d i e n t  vanish ,  and have used a mixed boundary c o n d i t i o n  on t h e  s o l u t e  
concen t ra t ion ,  which ensures  s o l u t e  coneemat ion  [ 5 ] .  m e  top  boundary ia a n  
a r t i f i c i a l  boundary, and w e  would l i k e  t o  p lace  i t  s u f f i c i e n t l y  f a r  f r m  t h e  
i n t e r f a c e  s o  t h a t  i t  doe13 no t  inf?.uence t h e  f l w  and s o l u t e  segrega t ion  near t h e  
i n t e r f a c e .  From Pig. 6-7 i t  i s  ev iden t  t h t  t h e  top  boundary is  having l i t t l e  
e f f e c t  on t h e  flow a d  s o l u t e  concen t ra t ion  near  t h e  i n t e r f a c e .  Ae t h e  s o l u t a l  
Rayleigh number inc reaeee ,  t h e  f l w  FB less confined t o  t h e  i n t e r f a c e  and even- 
t u a l l y  i t  is  no t  f e a s i b l e  i n  terms o f  computational t imes t o  move t h e  upper 
boundary f a r  enough from t h e  i n t e r f a c e .  As i l l u s t r a t e d  in Fig. 8 ,  t h e  s o l u t e  
concen t ra t ion  c t  t h e  c r y s t a l - l t  i n t e r f a c e  v a r i e s  by 60%. The average s o l u t e  
concen t ra t ion  a t  the  interface d e v i a t e s  by about 32 from the  c o r r e c t  value  
due t o  the  f i n i t e  mesh ( 9  x 36) used i n  t h e  c a l c u l a t i o n .  I n  Fig. 9  we shov 
t h e  average s o l u t e  concen t ra t ion  i n  t h e  l i q u i d  as a  func t ion  of d i s t a n c e  from 
t h e  c r y s t a l l g e l t  i n t e r f a c e .  For comparieon, t h e  exponent ia l  concen t ra t ion  pro- 
f i l e  which would hold i n  t h e  absence of convection i e  a l s o  a h a m  i n  Pig. 9. 
Over a  n a r r w  range of Bs/Bs* and A - &/3, ve have found 
t imedependea t  eo lu t ions .  These a r e  shorn i n  H g e .  10-21; t h e  c a l d a t i o n e  
were c a r r i e d  ou t  on a  (12 x 72) mesh v i t h  ( W D )  - 4.17 and Bs/BB* = 3.3. 
Pigs.  10 and 11 show t h e  maxlmm value of t h e  stream f u n c t i o n  and t h e  
average i n t e r f a c e  conc n+xation i n  t h e  m l t ,  reppec t ive ly ,  as a  func t ion  
of t i m e .  The per iod of o s c i l l a t i o n  i s  approximately ATN 2 0.56 
o r  ATc 2 0.97, i .e . ,  t h e  i n t e r f a c e  hae moved a d i s t a n c e  0.97 (D/V) 
during one cycle .  'Ihe magnitude of t h e  average i n t e r f a c e  composition 
o s c i l l a t i o n  i a  smal l ,  v iz .  about 1.61, which is coneiderably  less than  
t h e  t r a n s v e r s e  segrega t ion  of about 18X. '2he magnitude of t h e  s t ream 
func t ion  o e d l l a t i o n  is  considerably  greater. Figures  12-21 show the 
stream f u n c t i o n  and concen t ra t ion  a~ 3 func t ion  of p o s i t i o n  a t  var ioue 
t b s  dur ing one period of t h e  o s c i l l a t i o n .  It i e  clear from theae 
f i g u r e a  t h a t  t h e  second v e r t i c a l  c e l l  is undergoing t h e  l a r g e s t  o s c i l l a t i o n  
w i t h  t h e  s t ream f u n c t i o n  varying i n  magnitude from 0.119 t o  0.234. lkte 
t h a t  t h e  f low does not  r everse  i n  d i r e c t i o n ;  r a t h e r  these are o e c i l l a t i o n e  
superimposed on a  base f l w .  M e  may e x p l a i n  vhy linear s t a b i l i t y  
c a l c u l a t i o n e ,  assuming a  motionlees base s t a t e ,  have no t  revealed any 
t l ~  dependent phenomena i n  this parameter range. Me have a l s o  observed 
that t h e  s teady s t a t e  s o l u t i o n  may depend on t h e  i n i t i a l  cond i t ions ,  
i . e . ,  t h e r e  may be mul t ip le  s teady s t a t e s .  As i n i t i a l  cond i t ions ,  we 
have (1) perturbed a  uniform concen t ra t ion  f i e l d ,  (2 )  perturbed a  s t eady  
e t a t e  (exponent ia l )  concen t ra t ion  f i e l d ,  and (3)  used a  e o l u t i o n  f o r  a 
p a r t i c u l a r  value of Rs a s  the  i n i t i a l  cond i t ion  f o r  a d i f f e r e n t  value of Rs. 
I n  Figs .  22-23, we ehov the  s teady s t a t e  s t r e a n  func t ion  and concen t ra t ion  
f i e l d ,  r e s p e c t i v e l y ,  f o r  b/b* = 3.6 us ing t h e  o s c i l l a t o r y  s o l u t i o n  a t  
b/b* = 3.3 (see Figs.  10-21) a s  t h e  I n i t i a l  cond i t ioa .  I n  c o n t r a s t ,  
Figs .  24-25 show the  s teady s t a t e  stream f u n c t i o n  and concen t ra t ion  
f i e l d ,  r e s p e c t i v e l y ,  f o r  e x a c t l y  t h e  same condi t ions  aa Figs.  22-23 
except  t h a t  t h e  i e i t i a l  cond i t ioae  c o n e h t e d  of a per turbed exponen t ia l  
concen t ra t ion  f i e l d .  For tide case, t h e  £ i d  s o l u t i o n  ha8 one half t h e  
wavelength of the i n i t i a l  condi t ion.  
Ln Figs .  26-27, t h e  s t ream func t ion  and c o n c e n t r a t i o n  f i e l d ,  
r e s p e c t i v e l y ,  f o r  &s/Bs* = 5.03 and (WD) - 4.17 i r e  shwn.  Figs. 28-29 
a r e  i d e n t i c a l  t o  Figs.  26-27, r e s p e c t i v e l y ,  except  t h a t  (VB/D) and t h e  
n&r of mesh p o i n t s  i n  the  v e r t i c a l  d i r e c t i o n  have bee- doubled. It is  
ev iden t  i n  Figs. 26 and 27 t h a t  t h e  e f f e c t  of t h e  upper boundary is no t  
n e g l i g i b l e .  Be can be eeea i n  Fig. 28 w i t h  (WD) = 8.33, t h e  stream 
f u n c t i o n  vanishes  a t  a  d i s t a n c e  of a p p r - o ~ t e l y  5.4 (D/V) from t h e  
i n t e r r a c e .  The s o l u t e  segrega t ion  at t h e  i n t e r f a c e  l~ about t h e  w i n  
Fig. 27 and 29, v i z . ,  152. 
F i g u r e s  3-29 were for D/V = 0.15 cm; i n  Figs.  30-33 we shar t h e  raeults 
of a c a l c u l a t i o n  f o r  D/V = a.015 cm, Be/B8* - 1.325 and Ra = 0.127, corres 
ponding t o  t h e  same temperature g r a d i e n t  an in Figs.  3-29. be prev ious ly  
discuesed,  ve do not  expect the t eupera to re  f i e l d  t o  stabilike the f l a r  
s i n c e  t h e  Rayledgh a m b e r  l a  very d l .  he ehova i n  Plge. 30-31, even 
though ve have taken H - 20 ( D / V ) ,  t h e  f l w  hi i n f l u m c e d  by t h e  upper 
bouadary, and is c e r t a i n l y  not  cenf ined t o  the v i c i n i t y  o f  t h e  c r y s t a l l e l t  
i n t e r f a c e .  Thcre a r e  c l e a r l y  f a i r l y  l a r g e  lateral s o l u t e  g r a d i e n t s  f a r  
from t h e  i n t e r f a c e .  Pig. 32 ehaws t h e  s o l u t e  concen t ra t ion  a t  t h e  c r y s t a l - l t  
i n t e r f ace ;  t he  s o l u t e  segregation is  about 60Z. The average so lure  
concentration as a funct ion of d i s tance  from the in t e r f ace  is c o u p r e d  
with the eo lu te  p r o f i l e  it the absence of convection i n  Pig. 33. The 
average in t e r f ace  concentration and the average concentration gradient  a t  
the  i n t e r f ace  a r e  d e t e r d d  by the boundary coudit ions,  slsd a r e  i%!aw., 'zuc: -ed- 
of tbe f l u i d  flow as can be e a a  Erm P l g .  33. Llwever, a t  about 2 D/V 
from the i n t e r f ace ,  the average so lu t e  concentration v i t h  convection is  
1 
a'bout 402 higher than the  unperturbed (convectionlese) concentration. : 
, 
Since the Rayleigt, number vas d l  f o r  t he  r e a d t o  of kigs.  30-33, we + 
ca r r i ed  out an i d e n t i c a l  ca l cu la t ion  v i t h  Ba - 0 t o  d e t e r d u e  vhether the 
t h e m  f i e l d  can be mup le t e ly  neghcted .  'Lhe uriara value of t he  
stream funct ion vae 80% l a r g e r  f o r  Ea - 0 than f o r  Ba - 0.127 indica t fng  
that the thermal f i e l d  plays a role even f o r  Ra ae small ae 3.127. 
The numerical results pressated here provide inmight i n t o  the e o l u t d  
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convection vhich can occur durlng d i r e c t i o n a l  so l id f f i ca t ion .  Zha ranga 
of paraPeters vhich can ba etndied i e  severely L i r l t e d  by the  a r p u t a t i m d .  
t i m e a  required f o r  theae calculat ions.  Bumlte f o r  d i f f e r e n t  valuen of 
the d i s t r l b u t l o n  coe f f i c i en t  d t e rpa ra tu re  gradient In the l i q u i d  would 
be  desirable .  Ve hawe L i d t e d  the c a l c r r l a t l o ~ s  t o  a S c h l d t  h r  of 
ten,  vhich is appropriate  f o r  ~ c o a b a c t o m .  The tira t o  reach rtasdy 
state appeare t o  be p = p o r t f o d  t o  the  SctnLdt arnbar f o r  large M d t  
numbers so t h a t  c a l c u l a t i o m  f o r  m U c  w l t a  with Schridt  numbers of 
the ordetr of 100 vill taka t en  t h  a.8 u c h  carrputer time. Tha i a t e r a c t i o a  
of the e o l u t a l  convection, which i s  driven by the adveree concentration 
gradlent  near the c r y e t a l m l t  i n t e r f ace ,  with the t h e m 1  caavectioa due 
t o  hor izonta l  terrparature grad ien ts  i n  a real furaaca i s  an important 
area f o r  fu r the r  rseearch. 
Background 
Succinonitrile containing ethanol provides a useful system for the 
investigation of them-solutal effects during solidification. The 
deaeity of ethanol heing significantly less than that of succinonitrile, 
unidirectional upward solidification in ttds system leads to solute 
distributiom vhich are predlcted to be unstable with respect to convective 
perturbations. We previously detedned the succinonitrile-rich end of 
the phase diagram for this system a d ,  on the baala of the lraeured p b e  
diagram parameters and the published physical propertlee of succlnonitrile, 
predicted the critical concentraticn of ethanol in succlnonitrile above 
vhich instability occurs, as a function of the velodty of u p r d  
solidification. The predicted lastabilitlee are either fnterfaclal, in 
which case the wavelength is -short and the ehape of the solid-liquid 
, . 
interface devfates froa planarity, or convective, ia vhlch case the 
wavelength is longer and the liquid above the interface starts to flov. 
At a fixed temperature gradient, the conceattatim of ethanol requited to 
produce interfaclal iaetabillty decreasee with increseing solidification 
velocity, wMle the concentration required to prodaca convective Lnstabillty 
increases with increasing solidification veloclty. At sore corpoqltio~, 
there therefore exlets a range of ealldification velocltierr in vhich 
unidirectional upward eolidification ie predicted to he etable; above 
this velocity range interfaclal instability ie predicted and blow thie 
velocity range convective instability is predicted. 
Our experimental okervations of solidification praceeees in the 
region of these ttaaeitione have used both pure euccinonitrile and 
eucciaonitrile doped vith an appropriate concentration of ethanol to 
i n v e s t i g s t c  the  behavior when a f i n i t e  range of s t a b l e  v e i o c i t i e s  1s 
predic ted.  Because of the  lw s o l u t e  d i s t r i b u t i o n  ~ o e f f i c i e r ~ t  f o r  e thano l  
i n  e u c c i m a i t r i l e  (k  0.044). concea t ra t ioae  of i n t e r e s t  a r e  very lw 
(2  - 5 r 1 0 ' ~  wt.2 e t h a n o l )  and t h e  sartplee were thus  made from ultra- 
p u r i f i e d  e u c c i n o n i t r i l e  and s e a l e d  under vacuum. 
P e r f e c t l y  uniform uprard s o l i d i f i c a t i o n  of a s u b t a n c e  wl th  a normal 
t h e r u a l  expaneion c o e f f i c i e n t  (1.e.. one which erpanda wlrh  i n c r e a s i n g  
temperature) i s  c o n v e c t i ~ e l y  s t a b l e  i f  no s a l u t e s  a r e  p resen t .  'Ibe 
convective i n e t a b i l i t y  predicted For t h e  s u c c i n o n i t r i l e - e t h a n o l  eyetem 
a r i e e e  from t h e  r e j e c t i o n  of t h e  l a v c r d e a e i t y  s o l u t e  by t h e  a d v a n d n g  
i n t e r f a c e .  In a real e x p e r i r e a t ,  hauawer, t h e r e  are eourcee  o f  convection 
which aay be d w c r i b e d  ae pure ly  t h e 4  and vh ich  i n t e r f e r e  wi th  
obeervat lon of t h e  e f f e c t a  p red ic ted  f o r  t r u l y  u n i d i r e c t i o n a l  s o l i d i f i c a t i o n .  
&y f a c t o r  vhich caueae tb i g o t h e r ~ s  i n  t b e  l i q u i d  t o  d e v i a t e  from 
h o r i z o n t a l  planee w l l l  be a d r i v i n g  f o r c e  f o r  convect ive  f l w .  
Thare are two Fmportaat causes f o r  thermal ly  induced f l u i d  f l w  ia 
t h e  l i q u i d  a h v e  a e o l l l i ~  i n t e r f a c e  vhaa anidirecticnal e o l l d f f i c r t i a n  
of a v r t e r l a l  i n  a t u h h r  ctmtainer Fs a t t - t d  by drawing t h e  c o n t a i n e r  
damvard  through a t e z p e r a t u r e  gradient .  F i r s t ,  heat loeeem o r  prinn 
through tha  c o n t a i n e r  w a l h  t o  the furnace o r  o u t s i d e  e n v i r o ~ a n t  
a e c a s & l y  i l p l y  t h e  presanca of a r a d i a l  component i n  t h e  t s a p e r a t u r e  
g r a d i e n t .  Thaee rre; k r i a i d z e d  by deaign of t h e  c r y s t a l  grovtt 
appara tus  8.d by c o n t r o l  of t h e  i n t e r f a c e  p c e i t i m .  The second o r i g i n  
f o r  t h a r a a l l y  induced convective €1- i e  tbe  d i s t o r t i o n  of t h e  i s o t h e r u s  
by t h e  con ta ine r  w a l l s .  Yhan no s o l i d i f i c a t i o n  i a  taking place ,  t h a r e  is 
a grad ien t  d i e c o n t i n u i t y  a t  t h e  s o l i d - l i q u l d  i n t e r f a c e  due t o  tbe  d i f f e r e n t  
thermal conduc t iv i ty  of the  s o l i d  and l f q u i d .  Because t h i s  g r a d i e n t  
d i s c o n t i n u i t y  i s  not present  i n  the  c o n t a i n e r  v a l l s ,  t h e  isotherms i n  t h e  
region where t h e  i n t e r f c e  roeets the  w a l l s  mst  be d i s t o r t - d  from p l a n a r i t y .  
S u c c i n o n i t r i l e  is unusual i n  t h a t  t h e  thermal c o n d u c t i v i t y  of s o l i d  and 
l i q u i d  a r e ,  wi th in  experimental  u n c e r t a i n t y ,  equa l ,  s o  t h a t  a t  zero  
s o l i d i f i c a t i o n  v e l o c i t y  t h i s  e f f e c t  i e  no t  important .  Uhen s o l i d i f i c a t i o n  
s t a r t s ,  however, a  g r a d i e n t  d i s c o n t i n u i t y  is  p r d u c e d  a t  the  s o l i d - l i q u i d  
i n t e r f a c e  by t h e  emission of l a t e n t  hea t  of fus ion .  Ttte hea t  emit ted  p e r  
u n i t  a r e a  of t h e  i n t e r f a c e  is  vL where v i s  t h e  v e l o c i t y  and L  is t h e  
l a t e n t  heat  (4.7 x  10' ~ / r n ~  f o r  s u c c i n o n i t r i l e ) .  Because i n  a  t y p i c a l  
experiment the  d i s c o n t i n u i t y  produced by this l a t e n t  h e a t  is not n e g l i g i b l e  
compared t o  the  e x t e r n a l l y  imposed g r a d i e n t s ,  a s i g n i f i c a n t  thermal f i e l d  
d i s t o r t i o n  i s  produced by t h e  c o n t a i n e r  v a l l e .  
For t h e  u n i d i r e c t i o n a l  s o l i d l i i c a t i o n  of me ta l s  i t  is  o f t e n  p o s s i b l e  
t o  use  c o n t a i n e r s  having rmch l w e r  t h e r m ~ l  c o n d u c t i v i t y  than t h e  wtal, 
i n  which c a s e  t h e  thermal d i s t o r t i o n s  caueed by t h e  c o n t a i n e r  v a l l s  w i l l  
be small. E w e v e r ,  l a t e r a l  heat  l o s s e s  t o  the e n v i r o m n t  can be l a r g e  i n  
m e t a l l i c  s y s t e m  due t o  t h e  h igh mel t ing  temperaturee.  For an o r g a n i c  
m a t e r i a l  such as s u c c i n o n i t r i l e ,  h w e v e r ,  t h a  thermal c o n d u c t i v i t y  of  t h e  
c o n t a i n e r  cannot b m c h  1-r than that of t h e  m a t e r i a l  and c o n t a i n e r  
w a l l  e f f e c t s  a r e  unavoidable. Rad ia l  beat l o s s e s  t o  t h e  environim3nt, 
however, can be emall  became of the low m l t i n g  temperature.  Thus 
d i s t o r t i o n  of t h e  i sotherms may be similar i n  m e t a l l i c  and crganic eyetenrs, 
a l though t h e  most important  c a m e  of t h e  d i s t o r t i o n  may d i f f e r .  
Ln our  e x p e r b e n t s  ve  have i n v e s t i g a t e d  t h e  e f f e c t s  of r a d i a l  
g r a d i e n t s  on ' uu id i rec t ioua l "  upward e o l i d i i i c a t i o n  under c o n d i t i o a e  
c l o s e  t o  thorn pred ic ted  t o  r e s u l t  i n  solute-lnduced i n t e r f a c i a l  o r  
convect ive  i n s t a b i l i t y ,  and have inveecigated methods t o  reduce t h e  
e f f e c t e  of r a d i a l  g r a d i e n t s .  We have a l s o  measured d e n s i t i e s  of 
s u c c i n o n i t r i l e - e t h a n o l  mixtures  because e a r l i e r  c a l c u l a t i o n s  were baaed 
on e e t i m t e d  va lues .  
Experimental Methods 
a. Density Heaeurements 
The d e n s i t y  of pure  l i q u i d  s u c c i n o n i t r i l e  and e u c c i n o n i t r i l e  con ta in ing  
four  d i f f e r e n t  concen t ra t ione  of e thano l  (up t o  6.67 wt.2) w a s  oearnrred 
by determining t h e  temperatures  a t  which c a l i b r a t e d  s tandard8 w i t h  
d e n e i t i e e  o f  0.9700, 0.9800. and 0.9850 hsd  n e u t r a l  bouyancy. M e t i l l e d  
e u c c i n o n i t r i l e  wae used and measuremnte were carried o u t  under a i r  at 
a tPospher ic  p ressure .  The temperature of n e u t r a l  bouyancy w a s  d e t e d a e d  
t o  w i t h i n  O.J°C. , - 
b. Convective Plow During D d l d i r e c t i o n a l  S o l i d i f i c a t i o n  
h r e  s u c c i n o n i t r i l e  and e u c c i n o n i t r i l e - a t h a n o l  eanrplee a r e  con ta ined  
w i t h i n  b a r o e i l i c a t e  a a e e  tube 19  em in d i a t e r  and approrLmately 50 ca 
long.  The r e s i d u a l  i l p u r i t y  con ten t  of  t h e  g u c c l n o d t r i l e  samples,  b e f o r e  
f'oping with e thano l ,  6a.a found t o  be equ iva len t  t o  approximately 10 '~  
vt.2 (lppm) of e t h a n o l ,  i n  terms of its a f f e c t  on t h e  s o l i d u s  and l i q d d u e  
t q e r a t u r a r .  b e t  dxperl.leate ware c a r r i e d  o u t  on a q l e  c o n t a i n i n g  
2.6 x 10-3 v t . 2  e thano l .  
To p r d u c e  a o l i d l f i c a t i o n ,  the sdq le  tubes  are drawn d a ~ m a r d  through 
a temperature g r a d i e n t  s r t a b l i s h e d  by a b b r ~ o s c d t i c a l l y  c o a t r o l l e d  l o v e r  
co ld  wa te r  j a c k e t  aad an upp-r h e a t e r  which i s  e i t h e r  a e i m i l a r  ho t  wa te r  
j a c k e t  o r  an e l e c t r i c  heater. G r w t h  v e l o c i t i e e  can be from 0.4 t o  10 ~ l e .  
An important c o n s t r a i n t  f o r  these  exper icen t s  i s  the  requirement of 
good v i s i b i l i t y  i n  t h e  i n t e r f a c e  region.  This can be a t t a i n e d  only  i f  
t h e  c y l i n d r i c a l  tube i s  surrounded i n  t h e  i n t e r f a c e  region by a  medium 
with  a r e f r a c t i v e  index s i m i l a r  t o  t h a t  of t h e  e u c c l n o n i t r i l e ,  but which 
i t s e l f  has a  f l a t  o u t e r  w a l l  f o r  microscopic observat ion.  The b e s t  Fmage 
i s  obta ined i f  t h e  Index-matching medium is  a  f l u i d  contained i n  a  f l a t -  
v a l l e d  o u t e r  c o n t a i n e r ,  but such a system could a l s o  undergo convective 
processes  which w u l d  tend t o  p e r t u r b  t h e  temperature f i e l d  wi th in  t h e  
s o l i d i f i c a t i o n  tube. 
We have t h e r e f o r e  surrounded t h e  i n t e r f a c e  region of the  s o l i d i f i c a t i o n  
tube wi th  c l o s e - f i t t i n g  t r a n s p a r e n t  s o l i d  p ieces  kith f l a t  o u t e r  windowe. 
Heaters  have been incorporated i n t o  t h e s e  p ieces  i n  t h e  region of t h e  
s o l i d - l i q u i d  i n t e r f a c e  t o  provide c o n t r o l  over  the isotherm shape w i t h i n  
t h e  sample tube. The h e a t e r s  a r e  i n  t h e  f o w  of a  f l a t  (pancake-like) 
c o i l  s o  t h a t  they can d u p l i w t e  i n  t h e  t r a n s p a r e n t  = l i d  the t e n p e r a t u r e  
d i s c o n t i n u i t y  e x i s t i n g  i n  the sample a t  t h e  eo l id - l iqu id  i n t e r f a c e .  The 
required h e a t e r  pa re r  i s  propor t iona l  t o  t h e  v e l o c i t y  of motion of t h e  
sanxple: f o r  a  v e l o c i t y  of 1 m/e, a h e a t e r  power of about 0.5 W is  
appropr ia te .  
The sample tube i e  photographed from t h e  s i d e  by a h o r i z o n t a l l y  rnaunted 
nicroecope. To meaeure convective flow, emall  n e u t r a l l y  bouyant l a t e x  
p a r t i c l e e  are incorporated i n t o  t h e  sample. Theee a r e  photographed us ing  
a  t r i p l e  f l a s h  erpoeure wi th  unequal i n t e r v a l e  betveen t h e  f l a s h e s ,  t o  
allw determinat ion of the  d i r e c t i o n  of p a r t i c l e  m t i o n .  The p a r t i c l e s  
a r e  seen only i n  dark f i e l d  i l l u m i n a t i o n ,  but t h e  i n t e r f a c e  shapls i s  seen  
b e t t e r  i n  b r i g h t  f i e l d  illumination. 
Relrults 
a. Deneity 
The maeured  d e n e i t i e e  of s u c c i n o n i t r i l e - e t h a a o l  s o l u t i o n e  a r e  shown 
i n  Figure  34. The nmwured d e n s i t i e s  a r e  c l o s e  t o  those  which a r e  d c u l a t e d  
under t h e  aseumption t h a t  no change of t o t a l  volume takes p lace  w h .  t h e  
tvo componente a r e  mixed, a l though a d e v i a t i o n  from this behavior might 
have been expected on t h e  b e i e  OF t h e  l iqu id -phaee  m l e c i b i l i t y  gap i n  
t h e  e u c c i n o a i t r i l e - e t h a n o l  eyetem. The l i n a e  of conetant  d e n s i t y  l i e  
almost exac t ly  p a r a l l e l  t o  t h e  l i q u i d u e  l i n e  i n  t h e  composition and 
temperature range vhich vae nsaclured. The d e a e i t y  of the  l i q u i d  a t  t h e  
l i q u i d u s  i s  thue cone tan t ,  0.9880 g / c d .  This lea& t o  t h e  urmeual r e e u l t  
t h a t  t h e  l i q u i d  a t  t h e  s u r f a c e  of a e u c c l n o a f t r i l e  c r y e t a l  growing i n t o  a 
eucc inon i t r i l e -a thano l  mixture hae a m n e t a a t  dene i ty ,  no mat te r  what t h e  
ehape of the c r y s t a l ,  eo long ae t h e  e thano l  concen t ra t ion  does no t  axceed 
approldmately 7 vt.X. Liquid not  FmPadlately a t  the eur face ,  houever, is 
not conetra ined t o  be a t  t h e  l i q u i d u e  and t h e r e f o r e  hae a v a r i a b l e  d s a e i t y .  
The rPeaeurements i n d i c a t e  a concen t ra t ion  dependence of l i q u i d  
d e m i t y  aC - <ap/ac) /p  2.7 . 10-3 (rr.2)-1 which i s  c1o.e t o  t h e  
value  u d  previouely (3.07 r loe3 ( v t . ~ ) ' ~ .  
b. Convective Plow During D a l d i r e c t i o n a l  S o l i d i f i c a t i o n  
Vhen t h e  e u c c i a o n i t r i l a  sample 18 he ld  e t a t i o n a r y  i n  t h e  d i r e c t i o n a l  
e o l i d i f i c a t i o n  apparatus ,  t h e  s o l i d - l i q u i d  i n t e r f a c e  i e  h o r i z o n t a l  and 
very s l i g h t l y  concave upwartie. The amount of this concavi ty ,  vhich 
probably r e s u l t s  from a small r a d i a l  h e a t  1080, depends upon t h e  p o s i t i o n  
of t h e  i n t e r f a c a  b e t m e n  t h e  hot  and cold j a c k e t s ,  the na tu re  of t h e  
eurrounding medium, and o t h e r  d e t a i l e  of the  growth apparatue design.  A 
concave i n t e r f a c e  i n d i c a t e s  t h d t  t he  l i q u i d  i n  t he  c e n t e r  of  t h e  tube is  
varmer than  t h a t  nea r  t h e  w a i l  a t  t h e  same l e v e l .  The re fo re ,  a s  expec ted ,  
t h e r e  i s  an upward f low o f  l i q u i d  i n  t h e  c e n t e r  and a  downward f l w  c l o s e r  
t o  t h e  w a l l s ,  w i t h  t h e  l i q u i d  immediately above the  s o l i d - l i q u i d  i n t e r f a c e  
moving r a d i a l l y  inward. The upward f low v e l o c i t y  a t  t h e  tube  c e n t e r  i e  
t y p i c a l l y  10 p / s .  The only  m i c r o s t r b c t u r a l  f e a t u r e s  p r e s e n t  a t  t h e  
i n t e r f a c e  i n  e i t h e r  pu re  o r  ethanol-doped somples a r e  f a i n t  grooves  due 
t o  g r a i n  boundar ies  o r  sub-boundaries .  
When s o l i d i f i c a t i o n  is  produced by drawing t h e  sample tub downvard, 
t h e  s o l i d - l i q u i d  i n t e r f a c e  h c o m e s  s t r o n g l y  concave i n  e i t h e r  pure  o r  
e t h a n o l d a p e d  s u c c i n o n i t r l l e .  Sinxultaneouely t h e r e  i s  a  s u b s t a n t i a l  
i n c r e a s z  i n  t h e  v e l o c i t y  of upward f l w  a t  t h e  tube  c e n t e r  ( t o  a b o u t  
40 p / s  f o r  a  g r w t h  v e l o c i t y  o f  2 PIS).  The p a t t e r n  of  t h e  f l w  
rernains unchanged. 
These f l w  v e l o c i t i e s  a r e  s u f f i c i e n r l y  l a r g e  t h a t  t hey  can be expec ted  
t o  s e r i o u s l y  d i s t o r t  t h e  s o l u t e  d i e t r i b u t i o n  i n  t h e  l i q u i d  above t h e  
s o l i d - l i q u i d  i n t e r f a c e .  It was found,  however, t h a t  t h e  pancake-shaped 
a u x i l i a r y  h e a t e r  s c r round ing  t h e  i n t e r f a c e  r e g i o n  cou ld  be e f f e c t i v e  a t  
a l t e r i n g  t h i s  f low p a t t e r n .  
When t h e  a u x i l i a r y  haater i s  no t  used ,  t h e  convec t ive  f low can  result 
i n  a  t r a n s i e n t  macroscopic i n t e r f a c e  shape  change which then  l e a d s  t o  a 
l o c a l i z a t i o n  of i n t e r f a c i a l  i n s t a b i l i t i e s .  The sequence  o f  e v e n t s  which 
c o n s t i t u t e  t h i s  phenomsnon i e  a e  f o l l w e :  
a. The i n t e r f a c e  i s  e q u i l i b r a t e d  i n  i t s  a l m s t  p l a n a r  c o n f i g u r a t i o n  
a t  z e r o  growth v e l o c i t y .  
b. Growth is etarted at a velocity sorwvl.-t less than that which, ts 
expected t~ produce ioterfacial instabilities. 
c. The ii\terface becomes concave upwards as a result of the heat 
flow effecte mentioned above. 
d. Pollawing an incubation time which depends on the grwth velocity, 
an additional deeper depreseion develops in the center of the concave 
interface. The size and shape of this depreesion also depends on the 
grovth velocity. 
e.  T'hc depression deepens rapidly and interfacial instabilitiee 
devt!op wirhin it. 
f. Tbe cellular interface within the depxession advances rapidly 
and catches up ts the general contour of the concave interface. 
g. The concave interface then propagates at steady state with a 
central cellular region in the area vhere the depression had been. 
The incubation time for development of the depression is longer at 
lower grwth velocities. At 1 w/s, the depression has not been 
obeerved, and the interface remeins hl-ahaped but smooth (no interfacial 
instabilities). At 2 pn/s the conditions for formation of the 
depreeeion are apparently margiaal and the incubation time in different 
runs was fourd to be between 26 and 1 2 5  minutes. At a growth velocity of 
3 m/s the incubation time was 13 to 15  miqutes. At 4 -1s the 
incubation time becomes =re difficult to define because of shape changes 
(ese belw) which take the pit lese distinct from the overall concavity 
of the interface. 
The transient interface pit takee its =st dramatic form under the 
moat marginal conditions for its formation. Thus in the 2 pn/s m a  in 
which the pit took 1 2 5  minutes to develop, the pit wae very deep, narrow, . 
and poin ted  b e f o r e  a c e l l u l a r  s t r u c t u r e  L.2veloped nea r  i t s  bottom and 
spread  upvards a long  t h e  w a l l s  ( ~ i ~ u r e  35 a ) .  At f a s t e r  growth r a t e s ,  o r  
vhen t h e  growth c o n d i t i o n s  a t  2 urn/s were sowwha t  d i f f e r e n t  and t h e  
p i t  formed more r a p i d l y ,  t h e  p i t  was b roade r ,  8iral i0wer,  and more rounded 
when t h e  c e l l u l a r  s t r u c t u r e  developed w i t h i n  i t  ( F i g u r e  35 b ) .  A f t e r  t h e  
c e l l u l a r  i n t e r f a c e  formed w i t h i n  t h e  p i t ,  c ~ l l s  p r ead  r a p i d i y  up t h e  
s i d e s  of t h e  p i t  a s  f a r  a s  t h e  p o i n t  v h e r e  t h e  p i t  merged i n t o  t h e  o v e r a l l  
bowl-shaped i n t e r f a c e .  The p i t  r eg ion  then  f i l l e d  i n  r a p i d l y  w i t 5  c e l l u l a r  
m a t e r i a l  u n t i l  t h e  l e a d i n g  edge of t h i s  ma:erial was e s s e n t i a l l y  c o i n c i d e n t  
w i t h  t h e  o v e r a l l  bowl-shaped c o n t o u r  of  t h e  i n t e r f a c e .  P i g . r e  36 shows 
t h e  development of t h e  p i t  i n  a  run a t  2 b / s .  The p o s i t i o n ,  r e l a t i 1 r e  
t o  a f i x e d  p o i n t  i ~ r  t h e  a p p a r a t t i s ,  o f  t h e  bot tom of  t h e  p i t  i s  s h m :  
a f t e r  t h e  c e l l u l a r  s u b s t r u c t u r e  d e v e l o p s ,  t h e  p o s t t i o r  c . , t h e  f i r s t  s o l i d  
( t h e  l e a d i n g  edge of  t h e  c e l l s )  and  t h e  l a s t  l i q u i d  ( t h e  lzst e n t r a i n e d  
i n t e r c e l l u l a r  l i q u i d )  a r e  shovn. 
A f t e r  t h e  development of t h e  c e - l u l a r  L ~ t e r f a c e  i n  t h e  c e n t r a l  p i t ,  
t h e  convec t ive  f l o v  p a t t e r n  i n  t h e  l i q u i d  above t h i s  r e p t o n  i s  d i f f e r e n t .  
Many p a r t i c l e s  a r e  s e e n  i n d i c a t i ~ g  f l u i d  f l w  downward i n t o  t h e  c e n t r a l  
c e l l u l a r  i n t e r f a c e .  Tbe flw a p p e a r s  t o  be l e s s  r e g u l a r  t h a n  t h e  s imp le  
p a t t e r n  which p r e v a i l s  b e f o r e  t h e  c e l l s  devo, lop,  bu t  we have no t  y e t  
\ 
d i s c e r n e d  i t s  d e t a i l e d  s t r u c t u r e .  \ 
When t h e  a u x i l i a r n e a t e r  Aurrouading  t h e  i n t e r f a c e  i ~ . a c t d v a t e d ,  
t h e  fo rma t ion  of t h e  ce ' n t r a l  p i t  can ba suppres sed .  I d e a l l y ,  t h e  h e a t e r  
would be l o c a t e d  e x a c t l y  a t  t h e  i n t e r f a c e  l e v e l  and would t r a n s f e r  h e a t  
un i fo rmly  t o  t h e  sample c o n t a i n e r  w a l l s  from a l l  e i d e s .  I n  p r a c t i c e  i t  is-. 
d i f f i c u l t  t o  a r r a n g e  that the i n t e r f a c e  l i e s  e x a c t l y  i n  t h e  p l ane  of t h e  
h e a t e r  because t h e  v e r t i c a l  p o s i t i o n  of  t h e  i n t e r f a c e  i s  a f f e c t e d  by many 
f a c t o r s  including the  g r w t h  v e l o c i t y  and the  a w i l f a r y  h e a t e r  power. 
CXrcurnEerentially uniform t r a n s f e r  of heat  t o  the  con ta ine r  wa l l s  can 
a l s o  only be approximated. Nonethelees, a u x i l i a r y  h e a t e r s  a r e  very 
e f f e c t i v e  a t  changing the  convective f l w  p a t t e r n  and e l i d n a t i n g  t h e  
c e n t r a l  p i t .  
A s  an example, on one run at  2 p f s  a c e n t r a l  p i t  developed 33 
minutes a f t e r  t h e  s t a r t  of g r w t h  acid t h e  i n t e r f a c e  v i t h i n  t h e  31 then 
became c e l l u l a r .  T?x a u x i l i a r y  h e a t e r  was then turned on and i t s  power 
l e v e l  ad jus ted  t o  g ive ,  as c l o s e l y  as poss ib le ,  a f l a t  i n t e r f a c e  near the 
walls of t h e  sample tube. Af te r  approximately 30 minutes, t h e  c e n t r a l  
cellular region of t h e  i n t e r f a c e  had dieappeared. The i n t e r f a c e  at  t h i e  
polnt  w a s  relatively f l a t  ht t i l t e d  t o  one e i d e :  t h e  convect ive  f l w  i n  
t h e  l i q u i d  was dourward on one s i d e  of t h e  tube (where t h e  t i l t e d  i n t e r f a c e  
wa-s higher ) ,  a c r o s s  t h e  tube above t h e  i n t e r f a c e ,  and upward on t h e  
. . 
oppos i t e  s i d e  (where t h e  i n t e r f a c e  vae lover ) .  S lmf la r ly ,  i f  grwth i e  
s t a r t e d  when t h e  h e a t e r  is a c t i v a t e d  t o  an a p p r o p r i a t e  l e v e l ,  t h e  c e n t r a l  
p i t  doee not  develop. 
3 l scuss ion  
Thew e x p e r b u t s  have d e m n s t r a t e d  the importance of a p r e v i u l y  
unrecoreded i n t e r a c t i o n  batween couvective flow, i n t e r f a c e  shape,  and the 
development of c e l l u l a r  i n t e r f a c e s .  Aa ohaerved i n  t h e  s u c c l n o n l t r i l e -  
e thano l  system, t h e  e f f e c t  occurs  over  a d l  range of growth v e l o c i t i e e ,  
but  thls range of g r a r t h  v e l o c i t i e s  i e  an important one became i t  
repreaente  the  cond i t ioae  vhich might be choeen f o r  an at tempt  t o  grw a 
c r y s t a l  of horrrogeneou, c e l l - f r e e  mate r ia l .  The p red ic ted  v e l o c i t y  f o r  
i n t e r f a c i a l  i n s t a b i l t t y  i n  the  system used f o r  these  experiments is 
approximately I d  p l s  (depending on the  value of t h e  temperature 
g r a d i e n t ,  which is c l o s e  L O  10 Kjcm), and t h e  i n t e r a c t i v e  e f f e c t s  were 
observed a t  g r w t h  v e l o c i t i e s  of 2 t o  4 p / s .  I n  a d d i t i o n  t o  k i n g  
l i m i t e d  t o  a narrow v e l o c i t y  range,  the  e f f e c t  i s  t r a n s i e n t  i n  na tu re ,  
wi th  the  r e s u l t  t h a t  the  evo lu t ion  c f  i n t e r f a c e  shapes by this process  
w i l l  not  be understood i f  o b s e r v a t i o a s  a r e  not  s u f f i c i e n t l y  f requen t .  
F igure  37 summarizes the  na tu re  of  t h e s e  i n t e r a c t i o n s  f a  pure and 
solute-doped systems. At z e r o  growth v e l o c i t y ,  t h e  s o l i d - l i q u i d  i n t e r f a c e  
i n  e i t h e r  system can be p lanar  and h o r i z o n t a l .  Uhen s a l i d i f i c a t i o n  
occurs ,  t h e  thermal e f f e c t  of  t h e  con ta fne r  w a l l s  r e s u l t s  i n  a concave 
s o l i d - l i q u i d  i n t e r f a c e  and a convect ive  f low p a t t e r n  i n  vh ich  t h e  l i q u i d  
above t h e  s o l i d - l i q u i d  i n t e r f a c e  sweeps r a d i a l l y  i m a r d  and then up a long  
t h e  tube c e n t e r .  
I n  t h e  pure mate r i a l ,  t h e  i n t e r f a c e  &M smooth and bowl-shaped. 
If s o l u t e  is p r e s e n t ,  the  r a d i a l  i m a r d  flow r e d i s t r i b u t e s  t h e  s o l u t e  
r e j e c t e d  by t h e  i n t e r f a c e  and t h e  concen t ra t ion  at t h e  i n t e r f a c e  is  
rAghest i n  t h e  central region.  The r e e u l t a n t  l o c a l  depress ion  of  t h e  
mel t ing  p o i n t  i n  thls reglon causes t h e  format ion of t h e  p i t ,  vhich 
becomes p r o g r e s s i v e l y  deeper a13 t h e  geometry f o r  d i f f u e i v e  and cunvec t ive  
removal o f  s o l u t e  becoaes l e e s  favorable .  
The absence of t h e  p i t  i n  t h e  pure system, and t h e  f a c t  t h a t  t h e  p i t  
forumtion can be suppressed by t h e  a u x i l i a r y  h e a t e r s ,  both  suppor t  t h e  
i n t e r p r e t a t i o n  t h a t  t h e  p i t  formation is t h e  r e s u l t  of l a t e r a l  r e d i s t r i b u t i o n  
of s o l u t e  a t  the  s o l i d - l i q u i d  i n t e r f a c e .  Pormacion of a  macroscopic p i t  
i s  p o s s i b l e  only  i f  t h e  i n t e r f a c e  does not  immediately becomc morphological ly  
unetable .  and t h e  observed v e l o c i t y  dependence meets t h i s  condi t ion.  
Table 1. Def in i t ion  of symb used f o r  phys ica l  q u a n t i t i e s .  
(kinematic v i s c o s i t y )  
( thermal  d i f f u e i v i t y  of u e l t )  
( t h e m 1  d i  f f u e i v f t y  of c r y s t a l )  
( d i f  fus ion  c o e f f i c i e n t  of o e l t )  
( a c c e l e r a t i o n  of g r a v i t y )  
( t h e n d  c o e f f i d e n t  of expsoeion of melt)  
( e o l u t a l  c o e f f i c i e n t  of expansion of m l t )  
( thermal  conduc t iv i ty  of p e l t )  
( thermal  conduc t iv i ty  of c r y e t a l )  
( d i s t r i b u t i o n  o o e f f i c i e u t )  
(bulk concen t ra t ion  of s o l u t e )  
(bulk concentra t ion correepondfng t o  oneet  of convectfan) 
( t e n p e r a t u r e  g r a d i e n t  i n  arelt) 
(melt  hefght)  
( c r y s t a l  growth v e l o c i t y )  
( h o r i z o n t a l  wavelength) 
( t i = >  
Table 2. Dimensionless quantities used in calculations (unless othervise 
specified) 
Ratio of Thermal Conductivities 
Ratio of Thermal Diffusivities 
Distribution Coefficient 
Schmidt number 
Prandtl number 
Thermal Rayleigh number 
Critical solutal Rayleigh number 
Dimensionless Crystal Growth Velocity 
Ratio of solutal Rayleigb number, 
to critical solutal Rayleigh number 
Etatio of melt height to horl~ontal wavelength 
. . 
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Rs' 
Pig.  1 .  h e  s o l u t a l  Rayleigh number, Rs, a t  the onset of convection a s  a 
function o f  the r a t i o  of in ter face  velocity, V, and the d i f f u s i o n  
constant ,  D .  h e  temperature gradient i n  the melt w a s  kept 
constant so that the thermal Rayleigh umber,  &e, v a r i e s  a s  the 
inverse  fourth power of V/D. The values of the other parameters 
are given i n  Table 2 .  
LINEAR THEORY FOR D/V - .015 CM 
ZERO GROWTH RATE 
------------ RAXIMUM GROWTH RATE 
WAVELENGTH 
Pig. 2 The a o r r r l i r d  c r i t i c a l  bulk eo lute  concantration, C ,  a t  the  onset  
of convection ar  a function of the horizontal  vavelength ( i n  u n i t s  
of D/V - 0.015 c a . )  o f  a s inueoidal  perturbation. The wavelength 
correrponding to  tha maxima growth rate  of tb perturbation is 
indicated by the dashed l i n e .  
LINEAR THEORY YOR D/V - .15 CM 
ZERO GROWTH RATE 
---------.*-- MAXIMUM GROWTH RATE 
WAVELENGTH 
Fig. 3. The normalized critical bulk solute concentration, C, at the onset 
oC convection as a function of the horizontal wavelength (in unite 
of D/V 0.15 cm.) of a sinusoidal perturbation. The wavelength 
rorresponding to the m a x i m  growth rate of the perturbation is 
indicated by the dashed line. 
NONLINEAR CALCULATIONS FOR D/V - . I5 CM 
WAVELENGTH 
Fig. 4 .  The vertical l inac indicate the wavelengths and solute concentrations 
for vhicb nurarlcal  cs lculrt iotu  wera carried out. The horizontal 
l iner  i a d i u t e  v a l m  of eolute concantratlone for which the vave- 
laagth dacrauar. 'Iha so l id  curve i s  the same as i n  Pig. 3. 
STREAM FUNCTION 
0.0 4.0 8.0 12.0 16.0 20.0 24.0 
TIME 
Fig. 5. The y x i m m  of th stream function as a fuoction of time (in ullts 
of H 1")  t9r  b/s% - 1.29, V H / D  - 4 . 1 7 ,  and B / 1  - 0.517. 
The values of the other parameters are given in Table 2. 
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INTERFRCE CONCENTRATION 
Pig. 8. The steady state interface concentration in the melt for two 
wavelengths in the lateral direciion for the same p a r a t e r s  as 
in Fig. 5. 
- STERDY SOLUTION, 
[RVERRCED HORIZONTRLLY) 
---- UNPERTURBED SOLUTION 
Pig. 9. The average steady state concentration in the melt as a function 
of the distance (in units of D/V) from the crystal-nelt interface 
for the same parameters as in Fig. 5. The dashed line indicates 
the concentration in the absence of convection. 
STREAM FUNCTION 
TIME 
Fig. 10. The nraxianrm of che stream function as a function of time (in units 
of H ~ / v )  for R ~ / R ;  = 3.3, VH/D = 4 .17 ,  and H/X = 1 .551 .  The 
vzlues of the other parameters are given in Table 2. The stream 
.function is periodic in time; the spatial variation of the stream 
function during one cycle is shorn in Pigs. 12-16. 
CONCENTRATION 
4.0 0.0 12.0 16.0 
TIME 
Fig. 1 1 .  The  average concentration at  the crystal-melt interface as a function 
of time for the same parameters as i n  Fig. 10. The spatial  variation 
of the concentration during one cycle is shown i n  Figs. 17-21. 
Pig. 12. The stream function as a function of position at dimaasionlese time 
16.65 for the same parametere as in Pig. 110. 
Pig. 13. The stream funcLion as a function of position at dimeneionleee time 
16.79 for the same paraneters as in Fig. 10. 
Fig. 14. The stream function as a function of position at dimeneionleee 
time 16.93 for the same parameters as in Fig. 10. 
Pig. 15. The stream function as a function of position a t  dimensionless 
time 17.08 for the same parameters as in Pig. 10. 
I 
e stream function as a function of poeition at dFmeneionless 
tine 17.22 for the same parameters as in Fig. 10. 
Fig. 17. The solute concentration a8 a function of position at dimensionless 
time 16.65 for the same parametere ae in Pig. 10. 
Pig. 18. The solute concentration as a function of position at dimemion- 
less tlme 1 6 . 7 9  for the same parameters as in Pig. 10. 
Fig. 19. The solute  concentration as a function of position at dimension- 
less time 16.93 for the same parameters arc i n  Fig. 10. 
Pig.  20. The solute concentration as a function of positiou at dimension- 
less time 17.08 for the same paramatere as fa  Plg. 10. 
Fig. 2 1 .  The solute concentration as a function of position at dimension-. 
less time 17.22 for the same parameters as in Fig. 10. 
Pig. 22. m e  ready state stream function as a function of position for !b/d = 3 . 6 ,  VHlD = 4.11, and R / A  = 1.152. The values of 
the othor parameters are given in Table 2. The initial state 
for this solution was the solution periodic in tirue s h w n  in 
Pigs. 10-21 with ~ s / d  - 3.3 
Pig. 23. The steady state concentration as a function of poDition for the 
same parameters as in Pig. 22. 
Fig. The steady statc c - i B i n  funztion as a function of position for 
RS/& 3.6. VHlD = 4 . 1 7 .  and H/A = 1.552 (same as Figs. 22-23). 
The initial state for this solution was a perturbed exponential 
concentration field. The s:eady state solution has one half the 
vavelength of the initial state. Comparison vith Fig. 22 indicates 
that the steady state solucion depends on the initial conditions. 
Plg. 25. The ?:eady state concentration as a function of position for 
the same parameters as in Fig. 24. 
Fig. 26. The teady state stream function as a function of position for 
R E I ~  - 5 . 0 3 ,  VH/D = 4 . 1 7 ,  end H / A  3 . 1 0 4 .  The value. 
of the other parameters are given in Table 2. 
Fig. 27. The steady state concentration as a function of position for the 
same parameters as in Fig. 26. 
Fig. 28. The steady s ta te  stream function as a fr:nctlon of poeitlon for 
Rs/d = 5.03,  VE/D = 8 . 3 3 ,  and R / X  - 6.208. The values of 
the other parameters are given in Table 2 .  This calculation 
i e  identical to that of Pig. 26 except that the height has 
been doubled. 
Fig .  29. The steady state concentration as a function of position for the 
same parameters as in Pig. 28. 
Fig. 30.  me steady state stteam funotiou aa a function of position for 
~ s / d  = 1.33. D - 2 0 . 0 .  H / A  - 1 .547 ,  & - 0 . 1 2 7 .  
Ed - 6 .78 ,  and D/v - O . O i 5  cm. The value. of the other 
parametace are given in Table 2. 
Pig. 31. The steady state concentration as a function of posltioa for 
the same parameters as in Pig. 26. 
INTERFACE CONCENTRATION 
Pig. 32.  The steady s ta te  interface concentration i n  the melt for two 
wavelength i n  the la teral  direct ion for the s a  parameters 
as i n  Pig. 31. 
STEflDY SOLUTION, 
[AVERAGED HORIZONTRLLYI 
--------. UNPERTURBED SOLUTION 
Fig. 33. 7he average steady state concentration in the melt as a function 
of the distance (in units of D / V )  from the cryetal-melt fntertace 
ior the same parameters as in Fig. 30. The dashed line 
indicates the concentration in the absence of convection., 
-7 
- 
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ETHANOL CONCENTRATION (wt %) 
Pig. 34. Temperature and composition dependence of th: density of dilute solutions 
of ethanol in euccinoaitrile. 
75 , 
Fi3. 35. CcnLraL p i t s  formed duriug tile aoiidir'icarlon of succinanitrile containing 
2 . 6  x 1 0 ' ~  w t  .% ethanol, 
a. a t  a g r o ~ t h  ve loc i ty  of 2 m/s. 
Fig. 35. Central p t s  f a m e  during the ~~lidification of succinonitrtle containing 
2.6 x 10-f vr.l  ethanol. 
b. at a growth velocity of 3 m/s. 
SPECIMEN 
MOTION \ '" 
LIQUID 
100 120 140 160 
TIME (minutes) 
Fig .  36.  interface p o s i t i o n s  d u r i n g  t h e  f o r m a t i o n  of  a - 7 n t r a l  p i t ,  is a 
f u n c t i o n  o f  t i n e  f o l l w i n g  t h e  s t a r t  of g r o v t )  2 p i s .  The p n s i ~ i o n  
o f  the b o t t o m  o f  t h s  p i t  i s  p l o t t e d  u n t l l  t h e  c e l l u l a r  s t r u c t u r i  d e v e l o p s :  
t h e  l e a d i n g  and t r a i l i n g  ef.i;;ks o i  t h e  c e l l u l a r  s t r u c t u r e  a r e  t h e n  shown.  
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Coupled Convective I n e t a b i l i t i e s  a t  C r y s t a l - k l t  In te r faces  
S. B. Corie l l ,  G. 8. HcFadden, and R. F. Boisvert 
Hotionel Bureau of Standards 
Washington, D.C. 20234 
and 
X. E. Glicksman and Q. T. Fang 
Wateriale Engineering Departnent 
Benaselaer Polytechnic I n s t i t u t e  
Troy, HY 12181 
The in t e rac t ion  betueea f l u i d  f l w  and the cryetal-melt  i n t e r f ace  i e  
of cen t r a l  LPportance i n  d e t e d n l a g  the eoluce d i e t r i b t i o n  in t he  
e o l l d i f i e d  ~ t e r i a l ,  vhLch i n  tu rn  determines i t e  propert4es.  The e f f e c t  
of conwectfve f l w  on mrphologica l  s t a b i l i t y  hae been recent ly reviewed 
111. Calculations by Delves [21  shwed  chat a f l w  p a r a l l e l  t o  the  
c rye t a l - ae l t  i n t e r f ace  could increase  e t a b i l l t y  and give r i s e  t o  t r ave l ing  
waves on the  interface.  The . lh te rac t ion  of morphological i n s t a b i l i t y  
v i t h  a melt m b j e c t  t a  therrao~o1.uta.l i n e t a b i l l t y  b e  also been studied 
.[3]. In both t h e  cases, norphological i x ~ ~ t t i b i l i t y  occurs even l n  the 
absence of f l u i d  f l a r ,  although in general  the c r i t i c a l  value of t h e  
parameter f o r  t he  oaeet of t ae t ab1Uty  i e  changed by the flow. 
Becent experlmeate [4-71 have demonstrated an in t e r f ace  i n e t a b i i l t y  
us,, -1 coaditione f o r  which i n  the absence of flw, the  c r y e t a l - & l t  
l n t e r f ace  would be Plorphologically s t ab l e .  In theee experhence, a l o w  
v e r t i c a l  cy l ind r i ca l  sample of h igh pu r i ty  eucc inon i t r i l e  w a s  hebted by 
pmeing an e l e c t r i c a l  cu&-rent through a long, coaxial ,  v e r t i c a l  &re, s o  
tha t  a v e r t i c a l  m l t  annulue formed behreea t h e  coaxial  heater  and the  
surrounding c r y e t a l - ~ l e l t  in te r face .  fhe outer  radius of the c r y e t a l  w a e  
d a t a i t z e d  a t  a conetant t e q e r a t u r e  below t h e  melttag point (5e.1°C). 
With t h i s  arrangement the  temperature i n c r e a s e s  i n  t h e  m e l t  aad decreases  
i n  t h e  c r y s t a l  wi th  d i s t a n c e  from t h e  c rye ta l -mel t  i n t e r f a c e ,  and 
consequently t h e  i n t e r f a c e  ~ - o u l d  be morphologically e t a b l e  i n  t h e  absence 
of f l u i d  flow. 
Buoyancy d i c t a t e - a  t h a t  t h e  f l u i d  f l w s  upuard near  t h e  heated wire 
and d m w a r d  near  t h e  crystal--melt  i n t e r f a c e .  There a r e  a n a l y t i c  s o l u t i o n s  
of t h e  f l u i d  f l w  and temperature equat ione i n  vhich t h e  flov v e l o d t y  is  
v e r t i c a l  and t h e  flow v e l o c i t y  and temperature are func t ions  of t h e  radial 
coord ina te  alone. Choi and i b r p e l a  (81 and Shiaban and Ozis ik  (91  have 
c a l c u l a t e d  the c r i t i c a l  Crashof number f o r  adsyarmetric i n e t a b i l i t i ~  o f  
t h e  axispmmetric flow befxeen tvo v e r t i c a l ,  i n f i n i t e ,  coaxial, r i g i d  
cy l inders  held a t  d i f f e r e n t  temperatures.  Y e  [61  have repeated these 
c a l c u l a t i o n s  by a d i f f e r e n t  numerical technique and f o r  phys ica l  p r o p e r t l e e  
appropr ia te  t o  s u c c i n o n i t r i l e  (Prand t l  number of 22.8). me f l aw betveeu 
two v e r t i c a l  i n f i n i t e  caaxlal c y l i n d e r s  con ta in ing  s u c d n a n i t r i l e  is 
uns tab le  t o  a n  axisymmetric per:urbatlon above a Craahof number of 2150 
and t h e  wave speed of thie per tu rba t ion  is conparable t o  t h e  unperturbed 
flow ve loc i ty .  
Vhen these  c a l m l a t i o n e  a r e  c a r r i e d  out  w i t h  the o u t e r  r i g i d  c y l i n d e r  
replaced by a crysta l -mel t  i n t e r f a c e ,  q u i t e  d i f f e r e n t  reeults are obtained.  
The onset  of L ~ t a b i l i t y  occurs by an ~lsyuunetric mode at a Crashof number 
o f  176,  which is i n  agreement with experiment. The Linear s t a b i l i t y  
calculations i n d i c a t e  t h a t  the d e n s i t y  change on e o l i d i f i c a t i o n  and t h e  
c t - y s t a l ? ~ e l t  s u r f a c e  tension a r e  of l i t t l e  importance i n  determining t h e  
i n s t a h f l i t y .  The . :*l,ulatione p r e d i c t  t h a t  the period of o o c i l l e t i o n  
( t ime f o r  the  wake t o  t r a v e r s e  one wavelength) i s  p ropor t iona l  t o  the 
f i f t h  p w e r  of the  gap width ( t h e  d i f f e r e n c e  betvleen t h e  r a d i u s  of t h e  
c r y s t a l l n e l t  i n t e r f a c e  and t h e  wire  rad ius ) .  This  hae been v e r i f i e d  
e x p e r k a t a l l y  wi th  t h e  per iod of o s c i l l a t i o n  ranging from 300 t o  60000 s. 
I n  o rder  t o  understand b e t t e r  t h e  'coupled mode' of i n s t a b i l i t y ,  ve  
use linear a t a b i l i t y  theory t o  analyze a s impler  geometry, v i z . ,  we 
cons ider  t h e  s t a b i l i t y  of t h e  p a r a l l e l  f l o v  between a v e r t i c h i  c r y s t a l -  
~ e l t  i n t e r f a c e  and a v e r t i c a l  w a l l  held a t  a temperature above t h e  mel t ing 
p o i n t  of t h e  crystal. Three d e s  of i n e t a b i l i t y  occur: ( I )  a buoyant 
made, ( 2 )  a shear  mode, and (3) a coupled c r y s t a l - l t  d e .  Tbe f i r s t  
t-jo m d e s  a r e  w e l l  known from previous  resea rch  [ l o ]  on t h e  i n s t a b i l i t y  of 
t h e  flow between tw, v e r t i c a l  wa l l s .  The behavior of t h e s e  d e e  as t h e  
P r a n d t l  number v a r i e s  w i l l  a l s o  be described.  
PzEz 
Y e  consider  an (;, 9 ,  a C a r t e s i a n  coordinate system such t h a t  i n  t h e  
unperturbed s t a t e  t h e  region x < fl is  c r y s t a l l i n e ,  t h e  reg ion  0 < x < L 
is  molten, and a t  x- L tkrre is a r i g i d  i so thermal  w a l l ,  d o s e  r e q e r a t u r e  
is  g r e a t e r  t h a r  t h e  mel t ing po in t  of t h e  planar c r y s t a l  by a n  amount AT. 
Ye asarmbe t b t  t h e  f o r c e  of g r a v i t y  a c t s  i n  t h e  negat ive  y d i r e c t i o n  and 
t h a t  a l l  q u a n t i t i e e  a r e  independent of t h e  z-coordinate. He measure 
l e n g t h s  i n  units of L; temperature T i n  u n i t s  of AT; t h e  t i n  units 
of L ~ / v ,  where v is  t h e  kinematic v i s c o s i t y ,  and ve loc i tLes  i n  u n i t s  of a 
re fe rence  v e l o c i t y  U, wbich dl1 be s p e c i f i e d  subsequently.  The 
dimeneionless equat ions  f o r  t h e  f l u i d  v e l o c i t y  u and t h e  temperature a r e ,  
I n  t h e  Boussinceq approximation 
v -  G = 0, (1) 
( i 1 3 t )  + ~e ( i -v) ;  - - vp + vZ- + ( G / B ~ ) T ~ ,  (2) 
( a ~ / a t )  + Re U-VT = ( V ~ T I ~ P ,  (3 )  
where Re = UL/v i s  t h e  Reynolds number, p i s  a dimens~onJs, . -  , ~ A . > U I  e .  
S = g a A ~ ~ 3 / v 2  is t h e  Graehof number, 3 i s  a  u n i t  vec to r  i n  t he  y- 
d i r e c t i o n ,  P i s  t h e  P r a n d t l  number, g i e  t h e  g r a v i t a t i o n a l  a c c e l e r a t i o n ,  
and a i e  t h e  c o e f f i c i e n t  o f  ther taa l  expans ion .  The t empera tu re  TS i n  
the c r y s t a l  s a t i s f i e s  
( a ~ , / a t )  - v t / p S ,  ( 4 )  
where PS P K / K ~  - v / r S  and K and KS are t h e  thermal  d i f f u s i v l t i e s  of  
t h e  mel t  and c r y s t a l ,  r e s p e c t i v e l y .  
The boundary c o n d i t i o n s  a t  t h e  c r y s t a l - m e l t  i n t e r f a c e  are t h a t  t h e  
t a n q e a t i a l  component o f  t h e  f l u i d  v e l o c i t y  v a n f ~ h e s  and t h a t  t h e  normal 
component s a t i s f i e s  
- - 
u - n  - ~ ( i - n ) .  
Here n i s  t h e  normal t o  t h e  c r y s t a l - m e l t  i n t e r f a c e ,  E = -1 + pS/oL, 
PS and PL a r e  t h e  c r y s t a l  and mel t  d e m i t i e s ,  r e s p e c t i v e l y ,  and 
is  t h e  Local s o l i d L f i c a t i m  v e l o c i t y .  At  t h e  crystal-rru=lt i n t e r f a c e ,  the 
t empera ture  i s  c o n t i n u o w  and equal t o  t h e  e q u i l i b r i u m  t empera tu re ,  viz., 
where t h e  e u k 3 c r i p t  I d e n o t e s  e v a l u a t i o n  a t  t h e  c r y s t a l - m e l t  i n t e r f a c e .  
Temperature i s  w a s u r e d  r e l a t i v e  t o  t h e  d imens ion le s s  meleing p o i n t  ? n / ~ ~  
n f  t h e  n l a n a r  c r y s r a l l n e l t  i n t e r f a c e ,  I' - ! f w / ( ~ ~ v ~ ~ ) ,  y i s  t h e  
c r y s t a l - m e l t  s u r f a c e  f r e e  energy ,  HV is  t h e  l a t e n t  h e a t  o f  f u s i o n  per 
u n i t  v o l ~  o f  s o l i d ,  and K i e  t h e  mean c u r v a t u r e  of t h e  c r y s t a l - m e l t  
i n t e r f a c e .  Conserva t ion  o f  energy a t  t h e  c i -ys t a l -me l t  i n t e r f a c e  r e q u i r e s  
- M; .a - ( - ~ , V T  + VT,) =n ,  ( 7 )  
where A - vHvRe/k,AT and kr  is t h e  r a t i o  of  t h e  thermal  c o n d u c t i v i t y  
of t h e  me l t  k~  t o  t h a t  of t h e  c r y s t a l  ks. 
A t  t h e  r i g i d  v a l l  y - 1, 
- 
u - 0  
and 
T - 1. 
Ln t h e  c r y s t a l  we r e q u i r e  t h a t  f a r  from t h e  cryti tal- l t  i n t e r f a c e ,  t h e  
temperature g r a d i e n t  i s  cons tan t  and a s s m e s  a value  such t h a t  t h e  
unperturbed p lanar  i n t e r f a c e  fs s t a t i o n a r y .  
A s o l u t i o n  of  t h e  d i f f e r e n t i a l  equa t ioce  e a t i e f y i n g  t h e  boundary 
cond i t ions  i e  
"p. = [1/4 - (x - 1/2121 [(G/6Re)(x-1/2) + 611, (10a) 
To x* ( l o b )  
T s ~  - k S ,  ( l a c )  
p0 = [GI- - 1 2 1 1 ~ .  ( 1 M )  
where I i s  t h e  set f l w  i n  t h e  p d i r e c t i o n ,  i.e., t h e  i n t e g r a l  of uy from 
x = 0 t o  x - 1. The s u b s c r i p t s  x a d  y denote  the  x and y components o f  
- 
u and t h e  e u b c r i p t  o denotes  t h e  unperturbed o r  bee f low and tercperature 
f i e l d s .  
We examine t h e  s t a b i l i t y  0';' t h e  flow w i t h  r e s p e c t  t o  d l  
per tu rba t ions .  Ye decompose t h e  f l u i d  v e l o c i t y ,  tetuperaturz f i e l d s ,  and 
c r y s t a l l n e l t  i n t e r f a c e  shape XI i n t o  an  unperturbed and per turbed p a r t ,  
and assume t h a t  the  y and t dependencee of t h e  per turbed q u a n t i t i e s  a r e  
of t h e  form P(y, t )  - exp (iwy + a t ) ,  where w is  a s p a t i a l  frequency and 
u - a, + i a i  f a  a complex number which determines t h e  temporal 
bcfiavior of t h e  eyeten. I f  a, > 0 f o r  any value  of w ,  t h e  system i s  
uns tab le .  We w r i t e  
where 6  is t h e  ampl i t ude  o f  t h e  p e r t u r b a t i o n  o f  t h e  c rys t a l -8 l e l t  i n t e r f a c e .  
The l i n e a r  o r d i n a r y  d i f f e r e n t i a l  e q u a t i o n s  f o r  t h e  p e r t u r b z d  
q u k n t i t i e s ,  Wx, W y ,  p i ,  T, and Ts can he w r i t t e n  as 
DU, + idy = 0,  (124 
IW, + i d w y  t ~ p l  0, (12b) 
- ~ e ( h ~ , ) ~ ~  + ( 0 2  - A ; U ~  - iqI + (G/&)T - 0 ,  ( 1 2 ~ )  
- P R ~ U ~  + (02  - +)T O, (12d) 
( 0 2  - - PSa)TS = 0, (12e)  
where D - ( a l a x ) ,  A = u2 + D + i & u  and AT - u2 + P(a + iwR.eu 1. 
YO'  YO 
The p e r t u r b e d  t empera tu re  f i e l d  i n  t h e  c r y e t a l ,  'PS, can be found a n a l y t i c a l l y  
and is  of  t h e  form exp  [ ( u 2  + PSa) ' I%].  
T t  i s  d e s i r a b l e  f o r  purposes  of  numer i ca l  computa t ion  t o  p r e s c r i b e  t h e  
boundary c o n d i t i o n s  a t  x - 0  r a t h e r  t h a n  a t  the c rys t a l - a r e l t  i n t e r f a c e  x = XI. 
This  i s  e a s i l y  accomplished I n  l i n e a r  t h e o r y  lzecauee any f u n c t i o n ,  e .g . ,  f(x), 
e v a l u a t e d  a t  x = X I  = dr can  he v r l t t e n  as f ( x 1 )  = f ( 0 )  + 6 P ( a f / a x ) ,  where 
t h e  p a r t i a l  d e r i v a t i v e  i s  e v a l u a t e d  a t  x - 0. Upon e l i d a a r l n g  TS and 6 ,  
we f i n d  t h e  f o l l o n i n g  h u n d a r y  c o n d i t i o n s  f o r  t h e  f l u i d  v a r i a b l e s ,  Ux ,  
Wy, and I a t  x = 0: 
( 1  + r w 2 ) ~ e %  - COT = 0, ( 1 3 4  
( 1  + rw2)w - ( h y o ) ~  = O,  f 13b) 
Y 
[ ( J  + p,a) l12(kr  + ru2)  + oA/Re]T - k r ( l  + r , * ) ( a~ /a , )  = 0,. (13c )  
" 
These boundary cond i t ions  a r e  f u r h t e r  s i m p l i f i e d  by t ak ing  r - c - 0. 
It i s  not s u r p r i s i n g  and nrrmerical c a l c u l a t i o n s  have v e r i f i e d  t h a t  these  
a x  e x c e l l e n t  approximations.  
m e  boundary c o n d l t i o e s  a t  t h e  r i g i d  isotherma: w a l l  a t  x - 1 a r e  
W, = Vy - T - 0. (14) 
Ih o r d e r  t o  understand t h e  phys ica l  mechanism of  i n s t a b i l i t y ,  i t  is  
u s e f u l  t o  compute t h e  average k i n e t i c  energy of t h e  p e r t u r t x d  flow r i e l d .  
The average k i n e t i c  energy i n  the d i s t u r b a n c e s  i s  ob ta lned  by i n t e g r a t i n g  
t h e  q u a n t i t y  (Real  p)2 + [Real(uv - u )12,  a s  g iven  by eg. ( l l ) ,  over  a 
YO 
bmic c e l l  having u n i t  width i n  ';he x - d i r e c t i o n  and one vavelength  
! ~ T / Y )  i n  t h e  y - d i r e c t i o n  (Bea?. i n d i c a t e s  t h e  r e a l  p a r t  of t h e  complex 
f u n c t i o n s  ux and uy). A t  the  onse t  of i a s t a b i l i t y  ( a r  = 0) t h e  r a t e  
of change of t h e  k i n e t i c  eur:rkp i n  t h e  dit t turbance van i shes ,  and from 
cqs. i :2b)  and (12c),  i t  f o l l w s  that 
whera the  < > i n d i c a t e s  i n t e g r a t i o a  from 0 t o  1 i n  t h e  x - d i r e c t l o n  and 
t h e  * indicates t h e  complex conjugate .  .The sun of t h e  2 i r s t  f o u r  term 
repree  n t e  energy l o ~ f  -so viecous  d i s e i ? a t i o n  8 - 1  i 3  always negative.  It 
is balanced by t:le o f  the remain rg t h r e e  t c m .  Ye denote th.e t e r m  
p r o p o r t i o n a l  t o  C anu (%,) as buoyant and s h e a r  terms,  r e spec t ive ly .  
The remain;ng term 'rlyDWy eva lua ted  a t  x .A 0 i s  due t o  t h e  ~ r y s t a l - m e l t  
i n t e r f a c e  and would vanish  f o r  a r iptd  i n t e r f a c e .  I n  t h e  r e e u l t s  t o  be 
presented uubsequently,  we have found modes of i u t a b i l i r y  f o r  whlch one 
of the  tr:rme, I .e . ,  buoyant, dhear,  o r  i n t e r f a c e ,  is dominant. 
The numer ica l  methods used t o  s o l v e  t h e  L i n ~ a r  1 . 1 . J L  t . 1 ~  
d e f i n e d  by t h e  differential e q u a t i o n s  leas. 12a-1! 2cd ~ h c  L t - o  t i , l d l y  c a n a i t l o n s  
[ e q s .  13-14] a r e  a l l  s i d l a r  t o  t h o s e  d e s c r i b e d  p r e v i o u s l y  [ 3 ] .  We 
l ~ s u a l l y  v:ry C and a i ,  keeping  a r  and a l l  o t h e r  pa rame te r s  c o n s t a n t ,  
u n t i l  a s o l u t i o n  of t h e  d i f f e r e n t i a l  e q u a t i o n s  is  found v h i c h  s a t i s f i e s  
i h e  boundary c o n d i t i o n s .  The program SUPORT [ I l l  i s  used t o  s o l v e  t h e  
d i f f e r e n t i a l  e q u a t i o n s ,  and t h e  program SNSQE [12-131 i s  used f o r  t h e  
non - l i nea r  i t e i - a t i o n  procedure .  C a l c u l a t i o n s  of  t h e  c r i t i c a l  Grashof 
nlrmber f o r  t h e  f l w  between two r i g i d  p l a t e s  a r e  l a  a g r e e s e n t  ( t o  4 
s i g n i f i c a n t  f i g u r e s )  w i t h  Table  3 o f  Ra rpe l a ,  Gozum, and Baxi [14 ] .  
Numerical R e s u l t s  
Foi  t h e  c a l c u l a t i o n s  r e p o r t e d  h e r e ,  we have t aken  I - 0  ( s t e  eq. 10a)  
s o  t h a t  t h e  n e t  f l o v  i n  t h e  y d i r e c t l o n  v a n i s h e s ,  and w e  choose  o u r  
r e f e r e n c e  v e l o c i t y  U s u c h  t h a t  Re = C. F u r t h e r  w e  t a k e  r = E = 0  
and kr  = PIPS = 1, L.e., we n e g l e c t  bo th  tLe  c r y s t a l - m e l t  s u r f a c e  energy  
and t h e  d e n s i t y  change d u r i n g  s o l i d i f i c a t i o n ,  and we assume t h a t  c r y s t a l  
and mel t  have t h e  same thermal  p r o p e r t i e s .  I n  most of  o u r  c a l c u l a t i o n s  
4 we s e t  h = vH$k/ksLT = w ~ 3 / k , v  = 1.017( 10 ) , u b l c h  co r r e sponds  t o  
s u c c i n o n i t r i l e  v i t h  L = 0.25 cm. The co r r e spond ing  v a l u e  o f  A f o r  
l e a d  w i t h  L - 0.25 cm i s  A = 625. I n  g e n e r a l  we c a l c u l a t e  t h e  o n s e t  
of  i n s t a b i l i t y  v i z .  gr  - 0. Fo r  t h e  P r a n d t l  n u b e r  P and a l l  o t h e r  
p a r w z t e r s  f i x e d ,  v e  c a l c u l a t e  t h e  Grashof number C and  ai as f u n c t i o n s  
of  t h e  s p a t i a l  f r equency  w f o r  a r  = 0. T y p i c a l  results fo: s u c c i n o n i t r i l e  
P = 22.3 a r e  s h w n  i n  F i g u r e s  1-4. A s  p r e v i o u s l y  d i s c u s s e d  t h e  i n s t a b i l i t i e s  
can  be c h a r a c t e r i z e d  a8 buoyant ,  s h e a r ,  o r  i n t e r f a c e .  For  P - 22.8, t h e  
mode w i t h  t h e  l o v e s t  Grashof number shown i n  F i g u r e  1 i s  p r i m a r i l y  an  
i n t e r f a c e  mode. The n e x t  h i g h e s t  branch  r e p r e s e n t s  a buoyant  mode, 
fo l lowed by a s h e a r  m d e  a t  h i g h e r  v a ' u e s  of G.  The i n t e r f a c e  mode i s  
shown i n  more d e t a i l  i n  F igu re  2 ,  v h e r e  va lue8  of a s  a f u n c t i o n  
of  w a r e  a l s o  inc luded .  Note t h a t  a i  < 0 ,  meaning t h a t  t h e  i n t e r f a c e  
deformat ion  p ropaga te s  upvard,  whereas t h e  base f low i s  dounvard n e a r  t h e  
i n t e r f a c e .  The buoyant mode is s h w n  i n  P i g u r e  3 and h a s  a a i  v a l u e  
t h r e e  o r d e r s  o f  a a g n i t u d e  g r e a t e r  than  t h e  i n t e r f a c e  mode. There l a  a l s o  
a s h e a r  mode w i t h  a  minimum Grashof number of  6200 s h w n  i n  F i g u r e  4. 
I 
The v a r i a t i o n  of t h e  s h e a r  and buoyant modes of instability a s  a  
f u n c t i o n  of P r a n d t l  number f o r  t h e  f l w  between two v e r t i c a l  r i g i d  w a l l s  
h a s  been d e s c r i k d  by Cershuni  and Zhukhov i t sk i i  1101, I n  F i g u r e s  5-7, we 
show t h e  behavior  o f  t h e  v a r i o u s  modes as a f u n c t i o n  of  P r a n d t l  number 
f o r  t h e  c t y s t a l - m e l t  i n t e r f a c e .  F i g u r e  5 shows t h e  m i n i m a  Grashof number 
( a s  a f u n c t i o n  o f  w) as t h e  P r a n d t l  number v a r i e s .  I n  F i g u r e s  6 and 7 ,  
we have p l o t t e d  a i  and w ,  r e s p e c t i v e l y ,  as a f u n c t i o n  o f  P r a n d t l  
number; t h e  a i  and w curves correspond t o  minirn~rm v a l u e s  of t h e  
Crashof number as a  funcLion o f  w. The buoyant mode, which haa a  l a r g e  
v a l u e  o f  a i  and a l a r g e  wave speed  (comparable t o  t h e  unper turbed  
f low v e l o c i t y ) ,  is h a r d l y  a f f e c t e d  by t h e  p re sence  o f  t h e  c r y s t a l - m e l t  
i n t e r f a c e ,  and is e e s e n t i a l l y  i d e n t i c a l  t o  t h e  buoyant mode f o r  a  r i g i d  
boundary. For h igh  v a l u e s  o f  t h e  P r a n d t l  number t h e  Grashof nlmrbqr Cor 
r h e  i n t e r f a c e  mode is  two o r d e r s  of magnitude lover than  t h e  Graehof 
number f o r  t h e  s h e a r  mode of i n s t a b i l i t y .  AB t h e  P r a n d t l  number d e c r e a s e s ,  
t h e  i n t e r f a c e  and s h e a r  modes approach each  o t h e r ,  wh i l e  t h e  Crashof 
number f o r  t h e  buoyant modes r i s e s  a b r u p t ~ y  a d  i s  much l a r g e r  t han  t h e  
Crash02 number f o r  t h e  ehea r  mode f o r  P r a n d t l  u m b e r s  less t h a n  10. 
A t  a  P r a n d t l  number of 2 . 5 ,  a  p l o t  of Grashof nurni~c. .  .,. $ 1  . . r t ~ l j l i  
of  w, sho rn  i n  F igu re  8 ,  has two minima, which cor respond t o  t h e  two 
Crashof numbers appea r ing  i n  F i g u r e  3 .  The s i z e  of each  of t h e  lasL 
t h r e e  terms appea r ing  i n  eq .  (15 )  a r e  shovn i n  F i g u r e  9 ;  t h a t  i s ,  t h e  
s h e a r  term (dashed l i n e ) ,  t h e  buoyant  te rm (do t -dashed  l i n e ) ,  and t h e  
i n t e r f a c e  term ( s o l i d  l i n e ) .  P o s i t i v e  v a l u e s  i n d i c a t e  a d e s t a b i l i z i n g  
i n f l u e n c e  s i n c e  t h e  term t ends  t o  i n c r e a s e  t h e  k i n e t i c  energy of  t h e  
d i s t u r b a n c e  t o  t h e  main f low,  whereas n e g a t i v e  v a l u e s  i n d i c a t e  a  
s t a b l l i z i n g  i n f l u e n c e .  A t  wavenumbers l e s s  t h a n  u n i t y ,  t h e  i n t e r f a c e  
term dominates  t h e  i n s t a b i l i t y ,  w h i l e  f o r  wavenumbers g r e a t e r  t han  two, 
t h e  s h e a r  t e rm i s  d r i v i n g  t h e  d i s t u r b a x e .  
A s  t h e  P r a n d t l  number i s  d e c r e a s e d ,  F i g u r e s  10-17, t h e  second m i n i m a  
i n  Grashof number, co r r e spond ing  t o  t h e  s h e a r  mode, d i s a p p e a r s  ( c f .  F igu re  
3 Both s h e a r  and i n t e r f a c e  t e r m  a r e  s i g n i f i c a n t  f o r  t h e  remaining 
mfnirrrum. A s  P i s  f u r t h e r  reduced,  t h e  wavenumber a t  t h e  minimm Grashof 
number i n c r e a s e s  and t h e  e f f e c t  of t h e  i n t e r f a c e  t e rm becomes l e s s  and 
less s i g n i f i c a n t .  Fu r  P r a n d t l  number P  - .01, F i g u r e s  16 and 1 7 ,  t h e  
c r y s t a l - m e l t  i n t e r f a c e  te rm is  n e g l i g i b l e  and t h e  s h e a r  mode d r i v e s  t h e  
d i s t u r b a n c e .  
I n  F i g u r e s  18-20, we s h w  r e s u l t s  f o r  l e a d  w f t h  L = 0.25 cm, A 625, 
P - 0.0225, P, = 0.012, kr  = 0.535, and y = E 0,  f o r  bo th  t h e  
c r y s t a l - m e l t  i n t e r f a c e  and a r i g i d  boundary. The Grashof number a s  a 
f u n c t i o n  of  w is e s s e n t i a l l y  independent  of  t h e  t y p e  o f  boundary. For  a 
r i g i d  boundary a 1  = 0 ,  w h i l e  f o r  t h e  c r y s t a l - m e l t  i n t e r f a c e  a i  = -2 .7  
a t  t h e  minimum va lue  of  t h e  Crashof number o f  7630. This  co r r e sponds  t o  a  
p e r i o d  o f  o s c i l l a t i o n  of 60 s. 
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lanar Crystal-Melt Interface 
Succinonitrile (P====S) 
F i g  1 The  G r a s h o f  number ,  G ,  a t  t h e  o n s e t  o f  f c - L a b i l i t y  a s  a f u n c t i o n  
of t h e  s p s t i a l  f r e q u e n c y ,  u, o f  a s i n u s o i d a l  p e r i u r b a t i o n  f o r  
P r a r . d t 1  n u n b e r ,  P ,  o f  s u c c i n o n i t r i l e ,  viz., P - 2 2 . 8 .  -he 
t l i r e e  c u r v e s  c 9 c r e s p o n d  t o  d r f f e r c n t  modes o f  i n s t a b i l i t y .  
b 
planar Crjmtal-Melt Lnterface 
Pig. 2 .  The Graahof  number  ( s o l l d  c u r v e ,  l e f t  o r d i n a t e )  a n d  ilie imaginary  
p a r t  o f  t h e  t i m e  c o n s t a n t ,  a i ,  ( d a s h e d  c u r v a ,  r i g h t  o r d i n a t e )  
ae a F u n c t i o n  o f  t h e  s p a t i a l  f r e q u e n c y ,  w, of  a  ~ l n u s o i d a i  
p e r t u r b a c l o r ,  f o r  P r a n d t l  number of  22 .8 .  The s o l l d  .:ur7?t. is 
i d e n t i c d l  t o  the  l o w e r  c u r v e  q f l  Fig. 1. 
,I >', 
F!g. 3 .  The Grashof numher ( s o l i d  curve, l e f t  ordinate) and the imaginary 
-art of the t h e  constant, a t ,  (daehed curve, right ordinate) 
a function of the spatial  frequency, w,  of a sinu6oidal 
perturbation for Prandtl number of 22 .8 .  The so l id  curve 15 
identical  to  the middle curve of Pig. 1. 
Fig. 4 .  The Grashof nurpber ( s o l i d  curve, l e f t  ordinate) and the  imaginary 
part or' the tlrPe conetaut,  a t ,  (daehed curve r i g h t  ordinate) 
as a function o f  the. e p a t i a l  frequency, a, of  a s inueoidal  
perturbatioa f o r  Prandtl number o f  22.8. The s o l i d  curve i s  
i d e n t i c a l  t o  the top curve o f  Pig. 1. 
PLANAR CRYSTRL-MELT INTERFRCE 
Fig. 5 .  The mlnirmm Craehof.nunber (a8 a function of spat ia l  frequency) 
as a function of ~ r d n d t l  number. For large values of the Randt l  
number, three different  modes of i ae tab l l i tp  occur. 
PLANAR CRYSTAL-MELT INTERFACE 
Fig. 6. h e  isaglnary part of the tlm constant ,  a i .  (correeponding 
t o  the miairnun values  of t h e  Crashof n m b r  a s  a function 
o f  ~IJ) as a function o f  P r u d t l  number. 
PLANAR CRYSTAL-MELT INTERFACE 
Pig. 7. The spatial frequency, w ,  (at the mf.nt~um value of the Crashof 
number) as a function of the krandtl number. 
PLRNAR CRYSTAL-MELT INTERFACE 
Pig.  8. The Cruhof number, G,  at the o l u e t  of i n a t a b i l i t y  m a function 
of the e p a t k l  frequency, w, of a s i n ~ o l d a l  p e r t u r b t i o n  f o r  
Pramit1 amber, P ,  of 2.5. 
PLANAR C R Y S T A L - M E L T  I N T E R F A C E  
Fig. 9 .  The interface ( so l id  curve), shear (dashed curve), and buoyant 
(dotdaehed curve) contributione t o  the rate of change of the 
average k inet ic  energy (pcrrer) of an i n s t a b i l i t y  as  a function 
of spatial  frequency for  Prandtl numbex of  2 .5 .  
PLANAR CRYSTAL-MELT INTERFACE 
Fig. 10. The Grashof number, G ,  at  the onset of  i n a t a b i l i t y  aa a function 
of the spatial frequency, , of a tiiinu8oidal p e r t u r h t i o n  for 
Prandtl number, P, of 2.0. 
PLANAR CRYSTAL-MELT INTERFACE 
Pig. 11.   he in ter face  ( s o l i d  curve) ,  shear (dashed curve) ,  and buoyant 
(dot-dashed curve) contributions t o  the rate o f  change of the 
average k i n e t i c  energy (power) o f  an i n a t a b i l i t y  a s  a funct(on 
of s p a t i a l  frequency f o r  R a n d t l  number o f  2.0, 
PLANAR CRYSTAL-MELT INTERFHR 
moo 
Pig. 12. The Crashof nua.??r, C, at  the onset of the ins tab i l i ty  a8 a 
function of the  upatla1 frequency, , of a i n u o i d a  perturht lon  
for Prandtl umber, P ,  of 1 .0 .  
PLANAR CRYSTRL-MELT INTERFRCE 
Pig.  13. The i n t e r f a c e  ( s o l i d  curve) ,  shea r  (dashed c[ cve),  and buoyant 
(dot-daahed curve) c o n t r i b u t i o n s  t o  the  r a t e  of  change of the  
average k i n e t i c  energy ( p w e r )  of a n  instability P a f u n c t i o n  
of s p a t i  a 1  frequency f o r  P r a n d t l  number of 1.0. 
PLRNAR CRYSTAL-MELT INTERFRCE 
Fig. 14. The Graehof n. . i m p ,  G, at the onset of instability RS a function 
o f  the epatial frequency, u, of a sinueoidal perturbation for 
Prandtl number, P, of 0.5. 
PLRNAR CRYSTAL-MELT INTERFACE 
Pig.  1 5 .  The in ter face  ( s o l i d  curve) ,  shear (dashed curve) ,  and buoyant 
(dot-dashed curve) contribut ions  t o  the ra te  of change of the 
average k i n e t i c  energy (power) o f  an i n s t a b i l i t y  a s  a funct ion 
o f  s p a t i a l  frequency f o r  Praadtl number o f  0 . 5 .  
PLANAR CRYSTAL-MELT I N T E R F A C E  
Fig.  16. The Gruhof number, G, at the onset of instability as a function 
of the spatial frequency, ui, of a einueoidal perturbation for 
Prandtl number, P, of . 0.01. 
PLANAR CRYSTAL-MELT INTERFACE 
Fig. 17 .  The interface ( so l id  curve), shear (daehed curve), and buoyant 
(dot-dashed curve) contributions to  the rate of change of the 
average k inet ic  energy (pwer) of an i n s t a b i l i t y  ae a function 
of spatial  frequency for Prandtl number of 0.01. 
Pig. 18. The Ctaehof nuder ,  C, at  the o m e t  of i ae tab i l i ty  ae a f m c t i o n  
of  the epatial  frequency, w ,  of a elnusoi&l perturbation for 
Prandtl number, P ,  of lead, v i z . ,  P = 0.0225. The s o l i d  curve 
correeponde to a rigid interface a l e  the dotdaehed curve 
corresponde to  a cryetal-malt interface. 
lanar Chpstal-Melt Interface 
Lead (P=o.M25) 
Pig. 19. The Grashof number (ao l id  curve, l e f t  ordinate)  and the iaaginary 
part of the time constant,  a i ,  (dashed curve, r ight  ordinate) 
aa a function o f  the epat ia l  frequency, w ,  of  a s inuso ida l  
perturbation for  Prandtl number of 0.0225. The s o l i d  curve is 
i d e n t i c a l  t o  the dotdashed  curve o f  Pig .  18. 
PI#. 20. The Crashof number as a function of  the epatial  frequency, w,  
of a minumiddl perturbation for Prandtl number of 0.0225. The 
ro l id  curve i r  identical  to  the eo l id  curve of  Pig. 18. The 
imaginary part of the tiPa constant v d e h e e .  
Task 3 
Measurement o f  The High Temperature Themphys ica l  
Propart ies o f  Tungsten G r o u p  Liquids and Sol ids 
0. V. Bonnell 
Mater ia ls  Chemistry D iv i s ion  
Center f o r  Mater ia ls  Science 
The Gsneral E l e c t r i c  Space System D iv i s ion  (GE) developed prototype 
'gulpn c a l o r i m t e r  has been tasted i n  j o i n t  Rice Un ivers i ty  (RICE) and The 
National Bureau o f  Standards (HBS) expe r iwn ts  by dropping l e v i t a t e d  tungsten 
s o l i d  a t  2800 K, and found to func t ion  mechanically to par fect ion.  The steps 
necessary to es tab l ish  t h i s  device as a working c a l o r i m t e r  f o r  both ground 
and po ten t i a l  space appl icat ions i s  discussed. T3e cent ra l  problems w i n i n g  
a m  Uw add i t ion  o f  c a l o r i l l a t r i c  temperature rseasurement hardware prec ise to 
0.001 K and r e s j s t a n t  t o  electrotaagnetic i n t e r f e e n c e ,  the development o f  
tachniquas t o  achieve 0.1  percent enthalpy determination uncer ta inty  w i t h  
expected l8 K temperature r i ses ,  and d i r e c t  c a l i b r a t i o n  o f  the calorimeter. 
The concentrat ion o f  e f f o r t  to arsasummnts a t  the  mel t ing p o i n t  o f  
1 i q u i d  tungsten have y ie lded the f i r s t  reported d i r e c t  masurement o f  the heat 
o f  fus ion o f  tungsten. The value obtained was 53.0 k 2.3 kJ/mole (12.7 k 0.5 
kca l /m le )  and, i n  comparison w i t h  estimates and previous i n d i r e c t  methods, i s  
considered to be a current  best value. 
INTRODUCTION 
The primary objective of this task is to develop, in conjunction with 
General Electric Space Systems Division (GE) and Rice University (RICE), the 
techniques, methodology, and experimental apparatus for measuring thermophysi- 
cal properties (e.g. heat of fusion, enthalpy increment, heat capacity) of 
aterials at extremely high t-ratures. Electromagnetic levibtion of 
conductive samples using auxiliary heating techniques s x h  as electron-bean 
heating has been coupled to a drop-type block calorimeter system. Specific 
application to tungsten has been a prime area of interest bec~use it is the 
highest melting element. ~ a s u ~ n t s  of tungsten are crucial for estimation 
of the themphysical properties of othe elements by correlation. The third 
long period transition elements have all proved to be difficult to measure 
directly, and little data is available for VIB and VIIB elements in spite of 
their importance both scienti fical ly and for errgineeri ng purposes. Accurate 
data are necessary to encourage further theoretical. investigation of the 
liquid state at high temperature. kdern computer capacities promise new 
models based on detailed evaluation by molecular/atomic dynamics [I], but will 
require validation by experimental determination of definitive thermo:hysical 
properties. 
The technical difficulty of this 'effort has provided a measure of the 
dividing line between experiments which can be performed in the terrestrial 
environment, and those which require the absence of gravity for successful 
accomplishment. Continued advance of ground based effo~ts seems at present 
the clearest means to successful future experiments in space, as considerable 
hardware development fs still necessary to take advantage of the lorgravity 
environment. 
GULP CALORIMETRY 
I n  the i n i t i a l  development o f  the l e v i t a t i o n  technique, i t  was recognized 
t h a t  the technique was a method t o  gain the advantage o f  non-material support 
i n  a one g r a v i t y  f i e l d ,  g i v ing  many o f  the advantages o f  the space micro- 
g r a v i t y  environment. The technique's app l ica t ion  t o  the measurement o f  the 
heat content o f  l e v i t a t e d  mater ia ls  added a separate m q u i  r e n t ,  whose 
simplest so lu t i on  i s  the "drop" calor imeter technique, i n  which g rav i t y  
provides a r a p i d  and hence qprox imate ly  isothermal t rans fe r  o f  the sample 
froa the high temperature s ta te  i n t o  contact w i t h  a ca lo r ime t r i c  mass whose 
temperature i s  near the refemnce state. A s i g n i f i c a n t  problem i n  conducting 
s i m i l a r  h igh  teatperattire c a l o r i m t r y  i n  space i s  the t rans fe r  o f  a sanzple to 
the caioriuseter w-ithout the a i d  o f  g r a v i t y  and wi thout  g i v ing  up the advantages 
o f  the containerless environment. The problem i s  not  insuperable. Acoustic 
pos i t i on ing  techniques are capable o f  manipulating l e v i t a t e d  objects [2-41 bu t  
the acoust ic techniques s t i l l  appear to have severe mater ia ls  problems to 
overcoax a t  the very h igh temperatures which are o f  greatest  i n te res t ,  and are 
m s t  d i f f i c u l t  to achieve i n  a con t ro l l ed  fashion on the ground. E lec t ros ta t i c  
techniques are possible [5] and can be used i n  a vacuum, an important advantage 
where some mathods o f  a u x i l i a r y  heat ing need to be used. Less we1 1 conceived 
and apparently untested are techniques using an e l e c t m g n e t i c  pulse t o  move 
a sample. Such a method would be d i f f i c u l t  t o  develop i n  a one-g environment 
i n  conjunct ion w i th  RF l e v i t a t i o n .  Since the design o f  ground based l e v i t a t i o n  
c o i l s  i s  s t i  11 somewhat o f  an a r t ,  another method was sought. I n  1974, t h i s  
inves t iga tor  made the suggestion t h a t  i t  would be more st ra ight forward t o  
attempt t o  move the calor imeter instead, and J. L. Margrave o f  Rice Un ivers i ty  
coined the name 'gulp" calor imeter f o r  t h i s  technique. 
The advent of Space Shu t t l e  experiment oppo r t un i t i e s  has made t h i s  
problem an impor tant  one, as h i gh  temperature ca l o r ime t r y  i s  one o f  t he  mast 
obvious kinds of science c e r t a i n  t o  b e n e f i t  from the  advantages o f  space f o r  
experimentation. General E l e c t r i c  Space Laborator ies  has undertaken a  ground 
p i l o t  development o f  a  "gulp" ca lo r imete r .  NBS exper t i se  has been sought i n  
t h i s  connection i n  an adv isory  capac i ty ,  s ince use o f  t h e  device on t he  ground 
would almost c e r t a i n l y  occur w i t h i n  the framework o f  t he  cu r ren t  GE/RICE/NBS 
l e v i t a t i o n  e f f o r t .  The f i n a l  devzlopment by GE 161 i s  a  exce l l en t  a p p l i c a t i o n  
o f  mechanical eng ineer ing ingenu i t y ,  and c l o s e l y  mimics t he  behavior a  space- 
based device must have. Ce r t a i n  compmmises were necessary. A pr imary one i s  
the phys ica l  s i z e  o f  the  ca lor imeter .  T r a d i t i o n a l  drop ca lo r imete rs  a re  
designed f o r  t o t a l  heat r i s e s  o f  the  order  o f  one degree t o  minimize t he  
temperature d i f f e rence  between ca lo r imete r  and surroundings. The mathematical 
bas is  f o r  data ana lys is  o f  t he  thermal behavior o f  an i sope r i bo l  (drop-type) 
ca lo r imete r  [7,8] invokes a 1  i nea r  approximation o f .  t he  combined e f f e c t s  o f  
the  exponent ia l  N w t o n l  s  law o f  cool  i n g  (conduction/convection) and t he  power 
law r a d i a t i o n  t r a n s f e r  process. This approximation i s  genera l l y  exce l l en t  
( b e t t e r  than 0.0005 average percent  dev ia t i on  per  10 second measurement p e r i o d  
over 10-20 minute i n t e r v a l s  where ca lo r imete r  b l o c W j a c k e t  temperature d i f f e r -  
ences are 1 - 2 degrees [a]). THis l i n e a r  r e l a t i o n s h i p  i s  used t o  determine 
when the ca lo r imete r  has e q u i l i b r a t e d  w i t h  t he  heat i n p u t  f r o m  t he  sample and, 
more impor tan t l y ,  t o  c o r r e c t  f o r  the  heat c o n t r i b u t i o n  to / f rom the  ca lo r imete r  
dur ing  the  e q u i l i b r a t i o n  t ime o f  ca lo r imete r  w i t h  sample. For t y p i c a l  
e q u i l i b r a t i o n  t imes o f  G.  3000 seconds, worst  case e r r o r  from t h i s  source i s  
less  than 0 . 1  percent  and thus n e g l i g i b l e  i n  measurements o f  a  few tenths 
percent o v e r a l l  accuracy. 
The G E  calorimeter prototype was designed t o  be tested on the ground, and 
to be a reasonable model ( i  .e.  , physical overall dimensions and system tota l  
mass) for  a f l igh t  system. In additioli, capture times were required t o  be a s  
short o r  shorter than ground experimental arrangements, t o  minimize radiation 
losses from the sample. A pnuematic actuation system was chosen by GE as  the 
m s t  reasonable system capable of the required speed of operation with 
significant  masses. This choice limited the moving mass of the calorimeter to 
the eider of one kg, approximately 5 percent of the curmnt ground 
calorimeter. Predicted heat r i ses  fo r  10 gm samples of freezing liquid 
tungsten a t  3695 K are about 18 K. No isoperibol calorimeter has apparently 
k e n  reported using such large heat increases. By the above analysis, one 
would assume that  existing data analysis techniques would cause the error  f m  
such large calor imter / jacket  temperature differences to contribute a t  l eas t  
one percent t o  the uncertainty of the heat measurement. In addition, wide- 
spread practice has determined, for  calorimeters with 1 atmosphere gas 
pressure ( a t  1 gravity) in the jacket region, that  a jacket/calorimeter gap of 
the order of 1 un yields the best uniformity of convection driven temperature 
transfer .  This was a d i f f i cu l t  s tructural  requirement, and was ignored for  
prototype purposes, as th i s  system f s  expected to operate in vacum. Operated 
in atnosphere the gulp calorimeter system would require careful cal ibrat ion to 
establish i t s  true heat capacity behavior and the thermal ef fects  of movement 
as a function of differential  temperature. Even res t r ic t ion to operation in 
vacuum below the 10 Pa (0.0001 atm) point,  where gas thermal conduction 
becomes much less significant ,  wi 11 s t i  11 require a t t e n t i o ~ ,  as the radiation 
transfer ,  and incidental mechanical connection conduction w l  1 l not be 
negligible. A t  the mnwnt, there i s  just  too l i t t l e  experimental data 
available t o  make such corrections a pr ior i .  
There are two possible solutions t o  t h i s  problem: 1) i ; r w  ~ltilnerlcal 
techniques for  evaluation of the t rue  thermal exchange process; and/or 2 )  
controlling the jacket temp~rature  to  t rack the block temperature - a form of 
adiabatic calorimetry. For the f i r s t ,  both the radiation and conduction 
processes have well defined functional forms, and a d i rec t  determination of 
the net t ransfer  coefficients  for  the two  processes should be re la t ive ly  easy 
t o  model from experimental ca l ibra t ions ,  although separating the two processes 
may prove d i f f i c u l t .  The hardware solut ion,  using the surface temperature of 
the calorimeter as a control signal t o  heaters control l ing a l l  "jacket" 
surfaces near the calorimeter a t  tne calorimeter surface temperature i s  quite  
a t t r ac t ive .  This adiabatic wall process i s  used extensively in calorimetry 
where large temperature excursions are routine (e.g.  low temperature calorimetry 
and d i f ferent ia l  scanning calorimetry) and involves only exist ing c o m r c i a l l y  
available technology. Although the gulp calorimeter system i s  considerably 
more massive, and has both a much more complicated physical geometry 2nd more 
complicated thermal pathways than the above examples, a combinatio:~ of the 
above two methods should make high accuracy calorimetry possible with the 
prototype design. 
The G E  designed calorimeter uses a pnuematic ram w i t h  special high speed 
valves t o  move the calorimeter from i t s  r e s t  position t o  the capture region. 
For ground based t e s t ing ,  t h i s  location i s  jus t  below the work  c o i l ,  with 
clearance for  the momentum opened calorimetei* gate. Timing and capture t r i a l s  
with levi tat ion heated samples of tungsten were conducted with the prototype 
instrument as a joint  GE/RICF/HBS experimental e f fo r t .  The calorimeter ram 
and gates were instrumented by GE to  allow osci l logrms of the time t ra jec tory  
of  the calorimeter to  be obtajned and t o  detect  when, I n  t ha t  t r a j ec to ry ,  the 
block radiation gates were fu l ly  open [6]. A simple time delay relay was 
inserted in the signal l ine  from the drop detector  (or ig inal ly  constructed for  
tungsten experiments) which t r iggers  the capture cycle. The delay was adjusted 
t o  retard the pnuematic impulse about 0 .02  sec unti l  the timing oscillogram 
intersected the f a l l ing  sample location in the middle ~f the gate open time. 
The block radiation gate i s  counterweighted t o  open i n e r t i a l i y  ac,, the calori-  
meter accelerates,  and t o  close by momentum as tile calot ' ; r  stops a t  
maximum excursion. The calorimeter system adapter t o  t h t  ' . t a t ion  chamber 
was designed t o  l imi t  excursion to  a location approximately 4 cm below the 
levi ta t ion  point (about 2 cm below the drop detector iocat ion),  allowing 
clearance for  the coil and pedestal assenbly [ for  experimental d e t a i l s ,  see 
reference 91. The calorimeter m o u n t  has a pa i r  of overlapping radiation 
shutters  which are opened by cans moving with the calorimeter. The calorimeter 
i s  just beginning t o  open the block gates as i t  passes the point of opening 
the main external shut ters ,  and the block gate open time of more than 0.05 sec 
allowed several centimeters leeway in sample location a t  "capture" (defined 
for  t h i s  purpose as the time the sample crossed the gate hinge plane and would 
be retained by the closing gates,  rather  than possibly having some of the 
sample ejected).  A capture point corresponding t o  a drop distance of about 7 
un (0.12 sec) was selected. Actual tes t ing  with a hot levi ta ted  s q l e  of 
tungsten (no e-beam heating) was successful. This system halves the drop time 
of the current system, and would presumably improve drop success s igni f icant ly .  
I t  i s  s t i l l  t o  be determined how robust the system i s  with missed drops, and 
how well the timing repeats as the system wears. 
The remaining development needed with t h i s  new system i s  the actual block 
temperature determination. Discussions with G E  led or ig inal ly  t o  the select ion 
of a miniaturized commercial 100 chm pl atinurn resistance thermometer. I t  
appeared tha t  a custom version of the Hew1 ett/Packard quartz osci 11 a tor  based 
thermometer used f o r  the ex is t ing  system would have been requ1r.c.d t o  meet 
geometry cons t ra in ts ,  allow passage through a .vacuum wal l ,  and accommodate the 
calorimeter movement. The i n s t a l l a t i o n  used . for  the ex is t ing  RICE/GE system 5.. 
. , 
i s  unique t o  a nonmoving system, and would have been extiaemely d i f f i c u l t  t o  
$adap t  to the gulp calorimeter ( requir ing a hollow ran and other  changes). 
Also, the 10 times la rger  increase i n  temperature r i s e  an t ic ipa ted  relaxes the 
measurement ~ o n s t r a i n t  by the  sane fac tor .  Although :,o commercia~, sources of . 
e lec t ronic  readout un i t s  capab le~of  0.001 K precis ion have been 'qcated, i t  
should not be necessary to  r e so r t  t o  potentiometric techniques t o  achieve t h i s  
temperature s ens i t i v i ty .  However, a s ign i f i can t  problem requiring some 
development e x i s t s  here, as very small voltagrs wil l  be necessary t o  avoid 
self-heat ing e r r o r  and t o  minimize input w e q y  t o  the calorimeter.  In 
addi t ion,  DC determinations of the r e s i s t a w e  of the thepometer  a r e  qui te  
l i ke ly  to  be ser iously disturbed by electromagnetic intesference (EMI) f o r  the  
RE-heater. Thus, 4C exci ta t ion  and detect ion techniques wil l  be n e c s s a y  to 
determine the resis tance of the  thermometer. Expected hzat inputs f o r  the 
- .  
higher,t"t,werature experiments i s  of t h e ' t ~ r d e r  of 8000 J ,  'Equ i l i b ra t ion  time 
for  t t , e ' ' gu lpca lor imeter  wi 11  1 i kely be between 1500 and 6000 seconds.! . For 
I 
the  upper l'jmi t. est imate,  i f  the  thermometer i s  t o  contr ibute  l e s s  t h a n  two 
. .
percent of the to t a l  heat t o  the block, the maximum RHS voltage f o r  exc i t a t i on  . . C? 
, - 
will  be 1: 6 vol t s .  This i r  convenient f o r  modern operational ampl i f ie rs ,  and 'L .I 
1 .  
a low (few 100 Hz) frequency Ad ;elf-balancing bridge c i r c u i t  of t h j s  s ens i t i v -  
i t y  should be within the s ta te -of - the-ar t .  The design may be non-trivial  
because of the electromagnetic i ntecference re jec t ion  requirement. Other 
3 ' .  
sensors ,  (e .g .  thermocouples o r  thermistors)  have been used, b u t  a r e  generally . - 
not considered to  be as su i tab le  (e .g . ,  because of hys te res i s ) .  Temperature 
s ens i t i ve  integrated c i r c u i t s  (e .  g. , Analog Sevices AD590 o r  equivalent)  might 
' - I  
. -- 
. .*_ 
be attractive temperature sensor-5, given that specialized apparatus to achieve 
the required sensitivity must be constructed. 
- 
The next steps to complete the develop~ient of the "gulp" calorimeter 
concept can be suararized: 
1) Develop temperature measurement technique to required sensitivity with 
adequate EHI rejection. 
2) Calibrate calorimeter by existing techniques, with specific emphasis 
on establishing validity of d a b  analysis and calorilseter perforuance. 
. 3) Incorporate changes as dictated by the results froa 1) and 2). and 
repeat unti 1 caloriwter system heat capaci ty/teperature response is 
known over operating temperature range to 0.1 X level. 
The unique RICVGE interaction would seem to be ideal for this task, as 
the capabilities of RICE to accolaplish t h  testing required in 2) appear a 
natural cmplecent to the developlnent expertise of GE in the completion of 
this task. 
}-AT OF FUSION OF TUNGSTEN 
The priaary thrust of this project has been to assist RICE and GE in 
developing awthodolagy for high temperature themaphysical property measure- 
sent utilizing m . G E  coupled RF LevitatiodElectron-beam heating facility 
with a RICE supplied and operated calorimeter systa~. A prime problea; in this 
w r k  has been sample fmqerature determination, as the location of the levita- 
r 
! tion prucess in vacuum, the x-ray hazard posed by electron-beam heating and 
I the high vapor pressure of the target mterial ,. tungsten, at its me1 ting point 
I 
, - 
! all i w s e  stringent mquimaents on optical access, and make c m e n i a l  
1 : 
pyrometers impractical. For routine monitoring, GE developed an imaging 
system based on a silicon diode v.-do camera, with selection electronics to 
allow using individual diodes as intensity detectors. Recent efforts [lo] 
hake established the techniques for  converting th i s  type of device t o  a 
practical pyrometer systea, with tracabi l  i  ty to the International Practical 
- + Temperature Scale [ll]. The c d i n a t i o n  of the apparent inab i l i ty  of the 
newly redesigned levitat ion coil  to maintain liquid tungsten, the long cycle 
time of the calorimeter, the inherent noise character is t ics  of the exist ing 
camera system, and the d i f f i cu l ty  of real time compensation fo r  window obscura- 
t ion have made actual temperature measurements extremely d i f f i cu l t .  For t ha t  
reason, and in order to isola te  problems in t h i s  e f fo r t ,  i t  was decided to 
concentrate ef for ts  on measurements a t  the melting point, w i t h  the specif ic 
aim of obtaining the heat o f  fusion of liquid tungsten. 
Previous reports of t h i s  parameter have been primarily based on the 
Taman Rule [U] (AH,IT, = 2.3 callmole. K i9.6 J/mole. K), 1 calor ie  = 4.W 
joule) used in the standard references [e.g., references 13 and 141. This 
gives the value, 36 kJ/mle,  for  the heat of fusion using the best estimate 
value for  the fusion temperature, 3695 K ,  determined by Cezairliyan [15]. 
Dikhter and Lebedev [16] reported AHm of 80 80 4 c a l / p ,  corresponding to 62 i 
3 kJ/mole. This value i s  probably too high, as i t  predicts a value fo r  the 
i 
entropy of me1 t ing (ASm) of 17 J/mole. K ,  a value almost 25 percent higher than 
the currently highest known value for a t rans i t ion metal (molyWenm, 12.9 - -  r 
: 
I J/mole.K. ASm for  tungsten i s  expected to be somewhat higher than fo r  molyb- 
i 
r denum, although t o o  much of the data for  the transi t ion metals i s  estimated to 
draw strong conclusions. One would expect, in t h i s  region of the t rans i t ion 
metal portion of the periodic table ,  that  the second-to-third long period 
change in 6, would be less  than a 25 percent increase. Thus, t h i s  value i s  
viewed as an upper bound. The report by Wouch, e t  a l .  , [17] i s  based on Ule 
application of a cooling model to experimental data with rather large tempera- 
ture error bounds. The model ignores supercooling, and yielded a hea) of 
fus ion o f  47.7 kJ /mle ,  w i t h  a corresponding entropy o f  fus ion o f  12.9 J/mole.K. 
From t h e i r  reported f i t  t o  the model, a chiinge i n  AHm o f  8 k J / m l e  occurs with 
an increase o f  only  0.5 times the  standard dev ia t ion  o f  the best fit and f 32 
W / w l e  a t  the  20 p o i n t  i s  the variance i n  the fitted AHrn. Although somewhat 
insens i t i ve ,  t h i s  model appmach has p d u c e d  the best  est imate o f  AHm p r i o r  
t o  the d i r e c t  measunmgnts o f  t h i s  task. 
Results o f  drops estimated t o  be 50 percent o r  more molten out  o f  25 
drops f o r  t h i s  m r k  are given i n  Table 1. The estimates o f  percent mel t  f o r  
p a r t i a l l y  fused samples were based on v isua l  inspection. Sect ioning i s  
planned t o  r e f i n e  these values, b u t  same o f  these smples  may be reused i n  
subsequent e f f o r t s ,  as p a r t i a l l y  melted samples are general ly  more successful. 
The completely ~gelted sample was weighted 5 times the p a r t i a l l y  melted data i n  
recogni t ion of the uncerta inty  i n  the p a r t i a l  me l t  estimates. Tuo mthods 
were used to der ive essen t i a l l y  i d e n t i c a i  values o f  the heat o f  fusion. I n  
the f i r s t  method, the d i f fe rence betwen rad ia t i on  cormcted [8] drop k t  
(molar basis) and the enthalpy value f o r  the so l i d ,  l19.395 kJ/mole, fm 
JANAF [ I81  was corrected to a 100 p e r c e n t k l t e d  basis, and a weighted average 
taken. I n  the second mthod, a two parameter weighted l e a s t  square analys is  
o f  corrected drop heat verses f r a c t i o n  melted was made. The heat o f  fus ion 
was t h e n  j u s t  Ute slope o f  t h i s  funct ion, and i t s  i n te rxep t  i s   s solid 
enthalpy. That i n te rcep t  was 119.5 i 2 kJ/mole, i n  exce l len t  agreement w i t h  
the JANAF [18] value. Because o f  t h i s  agmment,  both methods are essen t i a l l y  
numerical ly i den t i ca l ,  and the value f o r  the heat o f  fus ion obtained by both 
methds was 53.0 2 2.3 kJ/mole. The s t a t i s t i c a l  uncer ta inty  i s  o f  t h e  order 
o f  twice the an t ic ipa ted  e r r o r  fram temperature uncertainty,  excess e-beam 
disturbance o f  the calor imeter,  and nomal  ca lo r imet r ic  errors. 
Several factors contributed to the relative success of thebe efforts: 1) 
nearly flawless operation of the new automatic gate system; 2) improved 
initial stability and lw outgassing of the specially cleaned ground sanrples 
C191, and improved heating and holding characteristics of the slightly smaller 
samples (a set of large samples (1.25 an diameter, 20 gm) were extremely 
stable levitators, but proved impossible to melt, even on the surface); 3) the 
redesigned coil, which improved levitation stability (only in the case of 
sample N did the coil show any evidence of holding a mlten sample, and that 
sample nay have completed melting as it was being lowered in the coil p v r a -  
tory to dropping in that case). 
However, a number of problems, related to the age of the GE equipment, 
and the large number of hand operations necessary to ensure successful upera- 
tion resulted in a sigr,ificant n h r  of failures (at least 1 in 4) due to 
system error, either outright hardware misfunctions or human crror. The 
reinainder'of failures to melt are attributable to electron-beam adjustment 
failure. This appears to be the current primary difficulty to obtaining 
successful melting. A ncmrber of tests and setup techniques were earployed in 
attempts to correlate tuning technique with successful melting. A special 
fixture to simulate high tearperature emission grounding was constructed. One 
of the larger balls was munted oh a 0.32 a diameter tungsten sting, attached 
- to a baseplate flange, which allowed the placing of a specimen in the coil for 
beam focusing. This established that the levitation field did not seriously 
disturb beam focus, but pointed up a number of e q u l p n t  improveaents 
necessary to make tuning more reproducible. 
It appears that successful melting occurs only when the electrun beam is 
focused so tightly that it can actually Udrill" a hole through the sample (see 
figure l a  and lb).  The local heating i s  apparently considerable, and signi- 
ficant amounts of material are ejected, often with accompanying art-induced 
shut-off of the RF generator and loss of sample. I t  wuld seem that th i s  
t ight  focus and consequent undesirable local heating should not be necessary 
for melting on the basis of estimates of the secondary emission charac ter i s~ics  
--  
a t  the melting tmpvature  of tungsten. Houever, i b b i l i t y  to obsi=,.de 1 
control the beam focus as desired has made s y s m t i c  testing of focus effects 
. . 
difficult .  
A nw mlybdenum shade ring, to protect the smaller work coil and to 
provide a run-to-run place to tune the electron w:tnout mounting special 
fixtures, v i l l  be installed. A nlrmtwr of minor hardware mdifications to the 
e-beam control apparatus have also been suggested. These improvements should 
be completed about the time GE finishes the development of a MU tuo-color 
pylrwwtry canrera systw,  implementing part of the design p ~ ~ a o s e d  ear l ier  
1191. In order to improve performance, a series of smaller samples will 
% 
be prepared with a weight of approximately 6-7 gm. I n  addition, a new coil 
w i t h  smaller (1.4 verses 1.6 cm) inside diameter and solenoid geometry to 
maximize the f ie ld gradient for these saaller samples and improve liqbid 
holding capability has been designed and reconmended to GE. 
CONCLUSIONS 
A prototype "gulpu calorimeter system has been developed and tested for 
arechanical performance. The design swns suitable for a potential f l igh t  
experiment series, b u t  a number of developments are s t i l l  necessary before the 
- 
unit operates as a true calorimeter. 
The ground-based effort  to determine thermophysical properties for 
tungsten have yielded a value of 53.0 i 2.3 kJ/mole for the heat of fuslon of 
tungsten. This value needs additional experimentation for confirmation, b u t  
appears a t  present t o  represent a best value for that parameter. Experimental 
diff icul t ies  a r e  s t i l l  a serious problem. I t  i s  c l e w  that the electron beam 
performance i s  the most important obstacle to successful levitation melting. 
Focus, beam shape, and positioning are a l l  quita c r i t ica l  factors, even though 
the more than 3000 watts available i s  about 7 t l m s  the necessary power to 
melt the tungsten sampler If  absorbed. I t  i s  r e c m h  that GE &vote sop 
effort  to improving this  aspect of their  experlt~enta'l fac i l i ty ,  4 t h  a view 
toward determining the cr i t ical  factors in electron beam melting of levitated 
specimens. Improvements have been suggested to improve control and allow s m  
experimntal tes t s  to be perforrried. 
I t  appears that  this  research s t i l l  requires some devalopaental e f f o r t  t6 
achieve its goal of obtaining tungstxn liquid enthalpy increments. The 
problems ere  under^^, b u t  will require laboratory tiare to resolve. 
- .. 
Table 1. 
S q l e  Weight, gm Drop enthalpyna k J h  
------ ---------- .................... 
% melted (est) AHmBb kJ/)I 
-------------- ---------- 
' ~ a d i  a t i  on 1 oss corrected 
bcDmputed on 100 X me1 t basis 
C 
weighted average/regression - see text 
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i gure 
l a .  Run P 
l b .  Run T 
Recovered tungsten samples, shovi rig electron beam "drill ing" 
o f  s t a b l y  levitated samples. Note the obvious signs o f  
e jecra surrounding the s i t e  o f  re1 t i  ng. The specimens are 1 cm 
i n  diameter, and the  hole i n  run T i s  about 0.7 cm deep. 
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